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EDITOR’S MESSAGE
The Forum on the Geology of Industrial Minerals holds annual meetings that focus on geologic and related factors affecting the 
discovery and production of industrial minerals, including construction materials. The 47th Forum on the Geology of Industrial 
Minerals was held May 15–17, 2011, at the I-Hotel and Conference Center in Champaign, Illinois. The meeting was hosted by the 
Illinois State Geological Survey (ISGS) and was attended by about 70 geologists, mineral resource specialists, and consultants 
from federal and state geological surveys and private industries. The 2011 Forum focused on the geology of the stone industry, 
portland cement manufacturing, and fluorspar deposits and included pre-meeting and post-meeting field trips to northern and 
southern Illinois and southeastern Missouri. Thirty-four technical papers and posters were presented, and the abstracts were 
published in ISGS Open File Series 2011-2 (http://library.isgs.illinois.edu/Pubs/pdfs/ofs/2011/ofs2011-02.pdf). After each Forum meet-
ing, it is customary to produce a Proceedings. Sixteen presenters chose to submit a paper, which we are pleased to make available 
in these Proceedings of the 47th Forum on the Geology of Industrial Minerals.
We gratefully acknowledge the sponsors and hosts listed above for their financial and in-kind support of the 47th Forum. Thanks 
are also extended to ISGS staff members Kathy Henry and Gregory Durant for assistance in meeting arrangements; Renaé Straw-
bridge for the spouse/guest program; Le Ann Benner for managing online registration; Sally Denhart, Cheryl Nimz, Cynthia 
Briedis, Michael Knapp, and Bobbi Harrison for publication, website, and graphics support; Jane Domier for help with maps; and 
Rodney Norby for field trip route assistance. Suggestions and comments by multiple ISGS and outside reviewers greatly helped to 
improve the individual papers in these Proceedings. Finally, we thank Susan Krusemark and Michael Knapp of the ISGS for their 
invaluable assistance to the authors in editing, compiling, and taking care of the details in finalizing these Proceedings.
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Accommodation Zone Development Between 
the Sandwich and Plum River Fault Zones, 
Ogle County, Northern Illinois
Mary J. Seid*
llinois State Geological Survey, Prairie Research Institute, University of Illinois at Urbana-Champaign
ABSTRACT
Bedrock geologic mapping of the Oregon 
and Mount Morris 7.5-minute quad-
rangles was performed to investigate 
whether any evidence exists to suggest 
that the Plum River and Sandwich fault 
zones are connected. Mapping led to 
the identification of a fault array at the 
northwest end of the Sandwich Fault 
Zone that suggests the presence of an 
accommodation zone between the 
Sandwich and Plum River fault zones. 
Uplifted Cambrian and early Ordovi-
cian units suggest that the fault array 
was formed by multiple movements 
on the main faults. The main faults are 
likely rooted in basement, and the fault 
array may be a group of splay faults that 
propagated northwestward from the tip 
of the Sandwich Fault Zone. Users of the 
geologic maps may wonder whether the 
newly discovered fault array will affect 
modern seismicity; however, models by 
Grollimund and Zoback (2001) suggest 
that seismic risk remains low in Ogle 
County because northern Illinois lacks a 
lithospheric weak zone like that under-
lying the New Madrid Seismic Zone.
INTRODUCTION
For the past 20 years, the Illinois State 
Geological Survey (ISGS) has created 
7.5-minute geologic quadrangle maps 
(1:24,000 scale) throughout the state 
as part of the U.S. Geological Survey’s 
(USGS’s) STATEMAP program. One of 
the goals of mapping the Oregon and 
Mount Morris quadrangles (Seid 2010, 
2011) was to study the faults in an effort 
to understand whether the Sandwich 
and Plum River fault zones are linked.
Little is known about the tectonic 
framework in northern Illinois despite 
previous mapping efforts (Shaw 1873; 
Worthen 1875; Weller 1917; Bevan 1924, 
1928, 1935a,b; Templeton 1940, 1951; 
Weller et al. 1961; Willman et al. 1967; 
McGarry 2000a,b; Kolata 2005, 2012, 
2013a,b, 2014). The Sandwich and Plum 
River fault zones have been interpreted 
as narrow, high-angle faults formed by 
crustal extension (Kolata and Busch-
bach 1976; Kolata et al. 1978).
During this study, the Cambrian expo-
sures near Oregon reported by Bevan 
(1928, 1935a, 1939) were reexamined, 
and fault and fold traces were revised 
in an effort to view the structures as a 
system of subsidiary faults related to the 
Sandwich and Plum River fault zones. 
The purpose of this paper is to describe 
the faults and explore models to explain 
their spatial relationship to the Sand-
wich Fault Zone. This understanding of 
how fault splays are related to the larger 
fault zones may be applied to other 
structures in the Illinois Basin.
GEOLOGIC SETTING
Northern Illinois contains a wide range 
of Paleozoic strata, with Cambrian units 
uplifted along the Sandwich Fault Zone 
(Figure 1). Ordovician and Silurian 
units are widely present, and small inli-
ers of Devonian strata occur in Rock 
Island and Henry Counties. Mississip-
pian strata were either eroded or never 
deposited, but Pennsylvanian units 
cover the areas southward from the La 
Salle Anticlinorium into the Illinois 
Basin and in scattered outliers. The La 
Salle Anticlinorium, a discrete zone of 
basement faults with en echelon drape 
folds in Paleozoic sedimentary cover, 
extends south-southeastward from the 
Sandwich Fault Zone (Cady 1920; Clegg 
1965). The local bedrock structure is 
influenced by the Sandwich Fault Zone 
on the southeast and the Plum River 
Fault Zone on the north.
The study area consists of the Oregon 
and Mount Morris 7.5-minute quadran-
gles, which are located near the south-
ern termination of the Wisconsin Arch 
and lie at the north edge of the Illinois 
Basin (Figure 2). Northeast of the study 
area, the regional dip is to the northeast, 
away from the Sandwich Fault Zone; 
southwest of the study area, regional 
dips are to the southwest. In the study 
area, Cambrian and Ordovician sedi-
mentary strata are exposed along the 
Rock River valley and are covered with 
less than 100 ft (30.5 m) of Quaternary 
deposits (Piskin and Bergström 1975).
The Sandwich Fault Zone extends from 
Manhattan in Will County and con-
tinues to the northwest for about 85 mi 
(137 km), to near Oregon. The fault zone 
is about 0.5 to 2 mi (0.8 to 3 km) wide 
and is downthrown on the northeast 
side as much as 800 to 900 ft (244 to 274 
m) at its midpoint in southeastern De 
Kalb County (Templeton and Willman 
1952; Kolata et al. 1978). The displace-
ment can be constrained only to post-
Silurian, pre-Pleistocene (Kolata et al. 
1978), which is to say that the timing is 
barely constrained at all. The faulting 
in Oregon and Mount Morris is at the 
northwestern tip of the Sandwich Fault 
Zone. Just to the south of Oregon, in the 
Grand Detour 7.5-minute quadrangle, 
the structural relief on the Sandwich 
Fault Zone diminishes from 300 ft (91 m) 
to zero (Kolata 2012).
The Plum River Fault Zone trends east–
west through Carroll and Ogle Counties, 
extending westward across the Missis-
sippi River into Iowa. The fault zone is 
defined by a narrow belt of high-angle 
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Figure 2 Structure contours on the top of the Cambrian Franconia Formation showing regional structural features. Values are 
mean sea level; contour interval is 100 ft (30.5 m). Study area is the yellow rectangle outlined in a red dashed line. Modified 
from Kolata and Graese (1983).
faults with a maximum of 270 ft (82 m) 
of accumulated displacement, with the 
north side downthrown (Bunker et al. 
1985). The displacement decreases east-
ward and is 100 to 200 ft (30.5 to 61 m) 
about 9 mi (14.5 km) north of Oregon. 
Bunker et al. (1985) cited evidence for 
Devonian movement, and possible 
Silurian activity, as well as small post-
Pennsylvanian displacement. The fault 
system was mapped on the basis of 
limited outcrop control along with bore-
hole data (Kolata and Buschbach 1976). 
Although not numerous, a few outcrops 
along the Illinois portion of the fault 
zone show fracture zones, faults, and 
cataclastically deformed rock.
The Sandwich and Plum River fault 
zones underwent multiple movements 
during the Paleozoic. Both are com-
posed of steeply dipping fractures, com-
monly near vertical, including normal 
faults along with local thrust and 
high-angle reverse types. In addition, 
Marshak et al. (2003), citing Templeton 
(1951), mentioned what appear to be 
horizontal slip indicators on some of the 
fractures, which suggest an element of 
strike-slip movement, but it is not as pro-
nounced as on the Cottage Grove Fault 
System, for example, with its belts of en 
echelon folds and faults. These struc-
tures do not resemble the structural 
style of the Cap au Grès (Rubey 1952), La 
Salle (Clegg 1965), and other Ancestral 
Rocky compressive-block structures 
with strong fault-propagation folds. In 
addition, they cannot be explained as 
products of simple extension like the 
Wabash Valley Fault System (Bristol and 
Treworgy 1979). I suggest that both fault 
zones underwent multiple episodes of 
movement under different stress fields, 
creating a combination of compres-
sional and extensional displacements, 
possibly with a minor amount of strike-
slip movement.
The Sandwich Fault Zone contains a 
narrow fault slice of upthrown Cam-
brian strata near Oregon, similar to the 
Horseshoe upheaval that uplifts Devo-
nian strata along the Rough Creek Fault 
Zone. Nelson (1991, 1995) suggested that 
the Horseshoe upheaval was caused 
by compression and uplift followed by 
subsequent extension in which a narrow 
slice of Devonian shale remained at the 
level of Pennsylvanian rocks. The Sand-
wich Fault Zone may have been uplifted 
under compression and later dropped 
down, leaving the Cambrian rocks lying 
between Ordovician strata.
Multiple episodes of faulting probably 
occurred in response to tectonic activity 
along the Laurentian margin. A post-St. 
Peter, pre-Glenwood movement was 
documented on the Sandwich Fault 
Zone in the Grand Detour Quadrangle 
just south of the study area; this may 
correlate with the Taconic Orogeny  
(Seid and Kolata 2011; Kolata 2012). 
Devonian through Cretaceous units 
are not present, so it is impossible to 
know whether movement occurred on 
the Sandwich Fault Zone during the 
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two other documented periods of wide-
spread tectonism in the Illinois Basin—
the Devonian event (Nelson and Mar-
shak 1996) and the late Mississippian to 
early Pennsylvanian event (McBride and 
Nelson 1999). This late Mississippian 
to early Pennsylvanian movement was 
a major tectonic event that reactivated 
many structures in the Illinois Basin, 
such as the La Salle Anticlinorium 
(Clegg 1965). No Quaternary movements 
have been documented in the study area 
(Kolata and Buschbach 1976; Kolata et 
al. 1978).
STRATIGRAPHIC UNITS
Figure 3 shows the geologic units in 
the study area. The Cambrian succes-
sion is dominated by sandstones and 
contains minor amounts of limestone 
and shale. The total thickness of the 
Cambrian units is approximately 2,200 ft 
(671 m), and the formations include the 
Mt. Simon Sandstone, Eau Claire For-
mation, Galesville Sandstone, Ironton 
Sandstone, Franconia Formation, and 
Potosi Dolomite. The Ordovician units 
are dominated by carbonates, reach an 
average thickness of about 720 ft (220 m), 
and consist of the Oneonta Dolomite, 
New Richmond Sandstone, Shakopee 
Dolomite, St. Peter Sandstone, Glen-
wood Formation, Platteville Formation, 
Decorah Formation, and Galena Forma-
tion. The sub-Tippecanoe unconformity 
(Sloss 1963) is a craton-wide unconfor-
mity that occurs at the base of the St. 
Peter Sandstone.
These sedimentary rocks are prone 
to brittle deformation (Figure 4), with 
brittle faults in shales of the Eau Claire 
Formation, deformation bands—zones 
of localized cataclasis (Fossen et al. 
2007)—in the St. Peter Sandstone and 
Ironton-Galesville Sandstones, and 
shear zones of angular breccia and slick-
ensided fault surfaces in dolomites of 
the Platteville and Galena Formations.
METHODS
Outcrops, cores, and drill cuttings were 
studied to characterize the lithologies 
and structural features. Accessible 
outcrops in drainages, road cuts, and 
quarries were examined in the field. 
Where field data were not available 
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Figure 4 Examples of brittle deformation features in outcrop and core. (a) Platteville and Galena dolo-
mites sheared into angular breccia in an abandoned quarry along the Mud Creek Fault Zone. (b) Groove 
lineations and slickensides in Galena dolomite in the wall of an abandoned quarry near Silver Creek. 
Pencil is oriented parallel to the lineation. (c) Deformation bands in Ironton and Galesville Sandstones 
from the Dirksen #1 core near Oregon. (d) Deformation bands in the St. Peter Sandstone on the north 
side of Route 2 between Castle Rock State Park and Oregon. (e) Normal fault with upward splays in 
shales of the Eau Claire Formation in the Dirksen #1 core hole near Oregon.
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(i.e., covered by glacial sediments or 
urban development), water-well records 
and cores were utilized to locate strati-
graphic contacts in the subsurface. In 
addition, the ISGS collected three con-
tinuous cores during 2010 and 2011 to 
examine the rock formations in detail 
(i.e., Dirksen #1, Stuff #1, and MM #1; 
cores are on file at the ISGS core annex). 
New detailed light detection and rang-
ing (LiDAR) elevation data were used to 
provide a high-resolution base map on 
which to draw geologic contacts.
STRUCTURAL FEATURES
The geologic map of the study area 
showing bedrock formations, faults, 
folds, and uplifts is illustrated in Figure 
5. The faults and folds generally trend 
northwest, but some small faults trend 
northeast. Fractures and shear zones, 
as described by Templeton (1951), are 
high angle and have displacements of 
less than 50 ft (15 m). The faults outline a 
series of horsts and grabens. Templeton 
(1951) documented several small faults 
and numerous shear zones that were too 
small to show at map scale. Descriptions 
of these structures can be found in his 
1942 field notes.
Mount Morris Uplift
Correlations among water-well records 
revealed an uplifted block or dome of St. 
Peter Sandstone in the town of Mount 
Morris. The structure is defined by four 
water wells, which reach St. Peter Sand-
stone just below surficial sediments. 
The alignment of these wells suggests 
that the uplifted block is elongated in 
the northwest–southeast direction. The 
amount of displacement is between 
100 and 250 ft (30.5 and 76 m), with the 
highest point in the SW¼ of the NW¼ of 
Sec. 27, T 24 N, R 9 E. This trend follows 
a small dome that Templeton and Will-
man (1952) depicted along the axis of 
the Oregon Anticline. The Mount Morris 
uplift is in line with uplifted fault blocks 
of Shakopee Dolomite and a large out-
crop area of thick St. Peter Sandstone 
to the south in the Grand Detour Quad-
rangle (Kolata 2012).
Mud Creek Fault Zone
The Mud Creek Fault (Templeton and 
Willman 1952), which trends roughly 
east–west along Mud Creek, is roughly 
1,000 ft (305 m) wide and 3 mi (5 km) 
long (from the center of Sec. 25, T 24 N, 
R 9 E eastward to the center of Sec. 28, T 
24 N, R 10 E). The displacement is down-
thrown to the north about 30 to 50 ft (9 to 
15 m). Faulted, brecciated, and sheared 
dolomite of the Galena Formation 
(Dunleith Member) is exposed at many 
points along the length of Mud Creek 
(Figure 4a). The fault relationships were 
well exposed in 1946 in a small quarry 
located 2,750 ft (838 m) from the west 
line and 1,100 ft (335 m) from the south 
line of Sec. 30, T 24 N, R 10 E (Templeton 
and Willman 1952), but this exposure 
is now heavily vegetated and on private 
property. The geologic relationships 
illustrated by Templeton and Willman 
(1952) are no longer visible.
Mud Creek Syncline
The Mud Creek Syncline (Temple-
ton 1951, p. 55) is a N 80° W to N 85° 
W-trending fold on the northern (down-
thrown) side of the Mud Creek Fault. It 
runs approximately parallel to the fault 
zone and is characterized by dolomite of 
the Platteville and Galena Formations 
dipping about 20° north on the steeper 
south flank and 5° south on the gentler 
north flank. The fold is a doubly plunging 
syncline; the lowest point of the syncline 
is approximately located at the border 
between the Oregon and Mount Morris 
quadrangles. The structure is about 4.5 
mi (7.2 km) long and is 0.3 to 1.5 mi (0.5 
to 2.4 km) wide, and the structural clo-
sure is roughly 50 ft (15 m).
Stronghold Monocline
The Stronghold Monocline is a small 
structure that has brought St. Peter 
Sandstone to the surface in an area 
chiefly underlain by the Galena and Plat-
teville Formations. On its north flank, 
the St. Peter Sandstone strikes N 70° W 
and dips 20° north-northeast. Templeton 
(1951, p. 38–45) described a structure in 
this vicinity that he called the Strong-
hold Dome, which trends north–south 
and seems to be a broader feature than 
the Stronghold Monocline. The major 
fault trends near the monocline strike 
about N 59° W.
Gale Creek Structure  
(New Name)
The Gale Creek Structure is defined by 
two closely spaced outcrops of dipping 
Shakopee Dolomite surrounded by 
St. Peter Sandstone in Gale Creek. The 
Shakopee is uplifted about 130 to 180 ft 
(40 to 55 m), with the highest point near 
the center of the W½ of Sec. 6, T 23 N, R 
10 E. Faulting probably occurred after 
St. Peter deposition and is related to 
faults that cut the St. Peter, Platteville, 
and Galena Formations about 1 mi (1.6 
km) southward in the Grand Detour 
Quadrangle. Field observations could 
not confirm or deny a fault bounding 
the uplifted and tilted Shakopee block. 
Therefore, the structure is interpreted 
to be a faulted dome, with a concealed 
fault uplifting the southwest flank. 
The map view geometry is depicted as 
an arcuate pod of Shakopee in faulted 
contact with the St. Peter Sandstone, 
with a trend of N 50° W. The structure is 
about 1 mi (1.6 km) in length and occurs 
in Sec. 6, T 23 N, R 10 E. The Gale Creek 
Structure occurs at approximately the 
northwestern end of the Oregon Anti-
cline (Templeton 1951; Templeton and 
Willman 1952).
Cambrian Fault  
Slice Near Oregon
The Cambrian Franconia Formation 
is uplifted and dipping 13° northeast 
on the east side of the Rock River near 
Oregon. These outcrops were first 
described by Bevan (1928), but no infor-
mation could be found in the outcrops 
during the present study regarding the 
faults separating the Franconia from 
the St. Peter Sandstone. Bevan (1935a, 
1939) observed an abundant amount of 
St. Peter silicified fault breccia, an along-
strike trend of the breccia, and repeating 
intervals of the Franconia-Potosi units. 
With this evidence, he concluded that 
a local thrust fault occurs about 1,500 
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ft (457 m) from the east line and about 
3,300 ft (1,006 m) from the north line of 
Sec. 3, T 23 N, R 10 E. Templeton (1951, 
p. 30–37) discussed Bevan’s (1928) con-
clusion in his report but proposed that 
St. Peter erosion and possibly faulting 
could explain the angular relationship 
between the Franconia and St. Peter at 
this locality. Without kinematic indica-
tors such as slickensides or en echelon 
tension gashes, no conclusions can be 
drawn about whether the faults were 
high angle, low angle, normal, reverse, 
or thrust.
DISCUSSION
This study describes how the structures 
in the Mount Morris and Oregon quad-
rangles are related to the Sandwich and 
Plum River fault zones. Findings suggest 
that the structures in the area between 
where the faults overlap are part of an 
accommodation zone. The accommoda-
tion zone contains overlapping second-
order faults that develop as splay faults 
from the main structures, which may be 
deep-seated basement faults that were 
reactivated throughout the Paleozoic 
during tectonic events on the continen-
tal margin. Multiple episodes of dis-
placement, including normal, reverse, 
and oblique slip, were possible as dif-
ferent stress fields were applied from 
the Taconic, Acadian, and Alleghanian 
Orogenies. Finally, regarding modern 
seismicity, a study by Grollimund and 
Zoback (2001) found that earthquakes 
within the New Madrid and Wabash 
Valley seismic zones in southern Illinois 
appear to be related to isostatic rebound 
of the lithosphere after deglaciation, but 
their models suggest no elevated seismic 
strain rate in northern Illinois.
The structures in the study area are 
probably related to multiple movements 
on the Sandwich and Plum River fault 
zones. Gaps in sedimentation and angu-
lar unconformities in the Oregon, Mount 
Morris, and Grand Detour quadrangles 
indicate tectonic activity during the fol-
lowing times: (1) post-Shakopee, pre-St. 
Peter, (2) post-St. Peter, pre-Glenwood, 
and (3) post-Galena, pre-Pleistocene.
Accommodation Zone
Geologic mapping indicates that at the 
northwest tip of the Sandwich Fault 
Zone, several northwest-trending faults 
uplift blocks of older strata. These faults 
represent an accommodation zone, 
which is a group of structures that 
accommodate strain transfer between 
overlapping normal faults (Figure 6). 
The terminology around accommoda-
tion zones can be complicated and 
confusing (Faulds and Varga 1998), but 
earthquakes and fault ruptures are good 
analogs to help understand the process. 
Earthquakes occur when the stress on a 
fault overcomes its frictional resistance, 
and a rupture nucleates from a point 
on the fault plane. When the fault rup-
tures, the slip is not instantaneous; as 
the seismic waves propagate outward, 
the slip on the fault propagates from the 
rupture point toward the fault tips like 
falling dominoes. Shear stress builds up 
at the fault tips in a “blowtorch” pattern 
and triggers subsequent earthquakes on 
adjacent faults (Stein 1999). An accom-
modation zone is initiated when shear 
stress is released by forming new faults 
beyond the tips of the existing fault. 
Accommodation zones occur in vari-
ous tectonic settings around the world, 
including in the East African Rift (Scott 
and Rosendahl 1989), in thrust belts in 
the Canadian Rockies (Dahlstrom 1970), 
and in the Basin and Range Province 
of the western United States (Hudson 
1997).
In map view, the general strike of the 
splay faults in the study area is subparal-
lel to the Sandwich Fault Zone (Figure 7). 
Splay faults may form as a result of sev-
eral different processes that may oper-
ate in conjunction with one another. 
Second-order fault segments (splay 
faults) can be produced by the heteroge-
neous distribution of slip on individual 
faults (Faulds and Varga 1998). They may 
also form when the primary fault plane 
becomes misaligned with principal 
stresses, at bends in strike-slip faults, or 
as horsetail splays resulting from propa-
gation at the extensional sides of mode II 
fault tips (Scholz et al. 2010).
Rooting in Basement Structures
The root of the Sandwich and Plum River 
fault zones and their associated splay 
faults may originate in basement struc-
tures, similar to other major faults in the 
midcontinental United States (McBride 
1998; McBride and Nelson 1999; Duchek 
et al. 2004). Seismic reflection profiles 
across other structures in the Illinois 
Basin indicate that basement faults 
are steeply dipping (Potter et al. 1995; 
McBride and Nelson 1999). Marshak 
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Figure 6 Creation of an accommoda-
tion zone. Slip magnitude is typically 
greatest near the midpoint of the fault 
and progressively declines toward the 
tips, where strain is transferred to other 
normal faults. Modified from Faulds and 
Varga (1998). Figure courtesy of the 
Geological Society of America.
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Figure 7 Conceptual block diagram of 
splay faults caused by segmentation at 
the northwestern end of the Sandwich 
Fault Zone.
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and Paulsen (1996) attribute high-angle 
basement faults to Proterozoic extension 
because rock is four times weaker under 
extension than compression. Once initi-
ated, basement faults remained as weak 
zones throughout the Phanerozoic (Mar-
shak and Paulsen 1996). Reactivation of 
these basement structures and overlying 
sedimentary strata during the Ordovi-
cian (Seid and Kolata 2011), Devonian 
(Nelson and Marshak 1996), and Penn-
sylvanian (McBride and Nelson 1999) 
corresponds to the Taconic, Acadian, 
Alleghanian, and Ouachita Orogenies 
along the eastern and southern margins 
of Laurentia.
Strike-Slip Component  
of Displacement
The majority of the displacement is dip-
slip, but a minor strike-slip component 
is possible. Strike-slip motion occurs 
on subvertical or steeply dipping faults 
when horizontal stress is applied in a 
direction that is oblique to the strike of 
the fault (e.g., the San Andreas Fault). If 
an oblique-slip framework is used, the 
faults and folds in central and southern 
Ogle County would represent an en 
echelon array within a 3-mi-wide (5-km-
wide) relay or stepover zone between the 
Sandwich and Plum River fault zones 
(Figure 8). It is unclear whether the dis-
placement was dextral or sinistral and 
whether the faulting occurred in one or 
multiple episodes.
Interpreting the Ogle County faults in 
a strike-slip framework would be con-
sistent with the view of Marshak et al. 
(2003, p. 171), who also proposed strike-
slip movement on the Sandwich and 
Plum River fault zones. Marshak et al. 
(2003) concluded that both extensional 
and compressional duplexes occur along 
these structures, which may suggest 
at least two phases of oblique-slip dis-
placement with different shear senses. 
An accommodation zone along the Ste. 
Genevieve Fault Zone in southern Illi-
nois may also have been caused by mul-
tiphase oblique-slip displacement (Seid 
2013). Similarly, Duchek et al. (2004) 
suggested a maximum of 984 ft (300 m) 
of strike-slip displacement on another 
west-northwest-trending structure in 
the midcontinental United States, the 
Cottage Grove Fault System.
Mount
Morris
Oregon
ILLINOIS
normal fault
Sandwich
Plum River
fault, 
displacement unknown
Plum River Fault Zone
Sandwich Fault Zone
0 5 10 mi
0 5 10 km
N
Figure 8 Fault map showing the study area (yellow) as an accommodation 
zone between the Sandwich and Plum River fault zones. U.S. Geological 
Survey 7.5-minute quadrangle boundaries shown as dashed lines.
Oblique-slip faulting has been docu-
mented in Laramide-style uplifts in the 
western United States (Tindall and Davis 
1999). Laramide-style uplifts are struc-
turally similar to fault and fold zones in 
the Midcontinent in that they involve 
steeply dipping basement faults that are 
reactivated in response to intracratonic 
stresses (McBride and Nelson 1999). 
However, displacements on most struc-
tures in the Midcontinent are an order 
of magnitude lower than the Laramide 
uplifts.
Seismic Risk
Although the craton in the U.S. Midcon-
tinent is not an active plate boundary, it 
is capable of producing damaging earth-
quakes and aftershocks, such as the New 
Madrid events in 1811–1812. Seismic 
activity in northern Illinois (Figure 9), 
however, tends to produce earthquakes 
that are much smaller, less damaging, 
and less frequent than those in the New 
Madrid and Wabash Valley seismic 
zones in southern Illinois. Northern 
Illinois earthquake epicenters provide 
information about the existence and 
location of unknown faults. Information 
about faults in northern Illinois is sparse 
because, in most places, bedrock is 
buried by tens to hundreds of feet of gla-
cial cover (Piskin and Bergström 1975).
Models of the New Madrid Seismic Zone 
by Grollimund and Zoback (2001) indi-
cate that postglacial isostatic rebound 
of the lithosphere may trigger intraplate 
seismicity by causing seismic strain 
rates to increase from the background 
level by three orders of magnitude. They 
predict that in a lithospheric weak zone 
such as the New Madrid, high rates of 
seismic energy release will continue 
for at least the next several thousand 
years. However, their models show that 
in northern Illinois, which has no litho-
spheric weak zone, the predicted pres-
ent-day seismic strain rate is equal to 
the background rate, which is between 
10−12 and 10−10 yr−1 (Anderson 1986; John-
ston 1994). This means that seismic risk 
does not appear to be elevated in the 
Sandwich and Plum River fault zones 
or the accommodation zone between 
them.
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Measuring and Describing Outcrops 
That You Can’t Actually Touch
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ABSTRACT
Outcrops are valuable sources of geo-
logic information, but exposures at 
mines and quarries or along streams are 
commonly inaccessible or short-lived. 
Even when these types of exposures are 
accessible, expense, safety, and logisti-
cal limitations inhibit detailed technical 
description and surveying, reducing the 
value of information collected at these 
sites. Remote-imaging and remote-mea-
surement technologies overcome these 
obstacles to supplement geological and 
geotechnical mapping. In many cases, 
the methods provide critical informa-
tion where traditional methods are 
impractical or even impossible.
Three remote-sensing technologies, 
reflectorless total station, terres-
trial laser scanning, and close-range 
photogrammetry, are used to obtain 
three-dimensional (3-D) georeferenced 
measurements of geologic features in 
outcrops and exposures. Reflectorless 
total station surveying involves in-field 
collection of surveyed points in com-
bination with detailed descriptions of 
remotely observed lithologies and sedi-
mentary or structural features along a 
vertical profile. Imagery from terrestrial 
laser scanners produces georeferenced 
point clouds over which conventional 
color photography can be draped. Pro-
cessing of close-range photogrammetry 
produces both a 3-D stereomodel and 
a georeferenced, orthorectified photo-
graph.
Important attributes for mapping litho-
logic changes and performing slope 
stability analyses can be derived from 
measurements and calculations tied to 
real-world coordinates. Dip and strike 
inclination can be calculated from the 
digital imagery for joints, fractures, and 
bedding surfaces. Additional measure-
ments, such as thickness, area, and 
ground elevations, can be determined 
from digital models and combined with 
other descriptive information, such as 
materials and sedimentary structures, 
to improve stratigraphic correlations in 
3-D geologic mapping. These techniques 
also allow inference of material proper-
ties where physical samples cannot be 
obtained for examination.
Image processing techniques, customar-
ily used for aerial and satellite imagery, 
can enhance outcrop photography for 
interpretation and analysis. In addi-
tion, statistical processing can augment 
conventional, digital, and visible-light 
photography by enhancing differences 
in lithology, contacts, moisture, and 
sedimentary structure. Remote sens-
ing of outcrops, including nonvisible 
infrared wavelengths, can be used to 
reliably characterize changes in texture 
and moisture, which allow accurate and 
detailed mapping of the distribution of 
sedimentary structures to help set sam-
pling or testing priorities and provide 
more complete and precise descriptions 
of the exposed materials.
BACKGROUND
Outcrops are valuable sources of 
two-dimensional (2-D) and three-
dimensional (3-D) information that can 
include type or reference sections of 
geologic units and can be used to docu-
ment many attributes of geologic units, 
including material types, lithologies, 
sedimentary features and structures, 
contact relationships, and joint charac-
teristics. The geometry of outcropping 
units is typically recorded, but inclina-
tions (dips and strikes) are typically the 
only 3-D measurements routinely made. 
Geologic information from outcrops 
is vulnerable to loss from excavation, 
landsliding, and vegetation overgrowth. 
Property restrictions or obstacles can 
make exposures difficult or impossible 
to reach. Even when intact, working 
faces at mines, quarries, and stream 
banks are often inaccessible because of 
liability concerns, such as dangerous 
rock falls, landsliding, and so forth.
Even when accessible, outcrops are often 
incompletely exposed or unsatisfactorily 
described because of time, expense, 
safety, and logistical limitations. The use 
of ladders, ropes, and remote-controlled 
lifting equipment is expensive, and even 
if used properly, these methods include 
significant risks. Repeat visits to any 
single outcrop are expensive and can 
be particularly difficult for remote loca-
tions.
Modern remote-imaging and remote-
measurement technologies remove 
many of these obstacles. Three tech-
nologies, reflectorless laser total station 
(RTS), terrestrial laser scanning (TLS), 
and close-range photogrammetry (CRP), 
can be used to obtain 3-D georeferenced 
measurements of geologic features in 
outcrops and exposures.
Positional accuracy is integral to all the 
technologies requiring global position-
ing system (GPS) and total station sur-
veying. Physical and operational restric-
tions in establishing control points are a 
complication of any method that relies 
on surveying for georeferencing. The 
inability to follow preferred surveying 
practices can adversely affect the results 
of any of the methods.
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REFLECTORLESS TOTAL 
STATION OR LASER 
TRANSIT
Unlike conventional total stations, 
which require special prisms to mark 
survey targets, RTS or laser transits do 
not require a prism but measure physi-
cal features, provided the natural targets 
are not dark, obscured by shadows, or 
form a light trap, such as a shadowed 
recess in a gravel pit. Stohr et al. (2015a) 
used an RTS to survey contacts and 
describe sediments in the Thelen Sand 
and Gravel pit in Lake County, Illinois 
(Figures 1 and 2), as part of a study 
focused on the mapping of sedimentary 
characteristics and genesis of glacial 
sediments along part of a 2.2-mi (3.5-
km) section cutting a profile perpen-
dicular to the former ice front.
The sand and gravel pit is developed in a 
kame terrace along the Fox River valley. 
Six profiles were described in the two 
large sand and gravel surface mines at 
Illinois Highway 173 and Wilmot Road. 
Description was accelerated by the use 
of a lithofacies code for fluvial and gla-
ciofluvial sediments that used abbrevi-
ated alphanumerical codes rather than 
much longer descriptive terminology 
(Kemmis et al. 1988).
Reflectorless total station technology 
allowed researchers to measure the 
inclination of the contacts of topset/
foreset beds, which dips 1.2° to the west, 
almost parallel to the ground surface 
(1.8°W). This surface forms the top of 
a sequence of deltaic sediments. The 
overall thickness of the foreset sequence 
abruptly decreases to the west from 36 
ft (11 m) at Profile 5 to only 2.3 to 10.5 ft 
(0.7 to 3.2 m) at Profiles 1 through 4, a 
distance of 328 to 1,312 ft (100 to 400 m; 
Figure 1). The texture of sediment in the 
foreset beds coarsens eastward toward 
the ice margin source. Sediment in the 
steeply dipping foresets becomes finer 
grained as the foresets grade into almost 
horizontally bedded bottomsets, which 
form the delta floor (Figure 2).
Advantages of the RTS method include 
the following:
 ● Measurement and georeferencing of 
   geologic deposits are accurate,  
  allowing comparison between other 
  profiles from different parts of a pit.
 ●	 Geologic descriptions are com- 
  pleted in the field, and the data  
  needed for resource quality and  
  quantity estimation are compiled at  
  the same time.
 ●	 No additional software is needed  
  beyond spreadsheet and word pro- 
  cessing software.
This is the most intuitive of all of the 
techniques.
Disadvantages of the RTS method 
include the following:
 ●	 It is a one-dimensional technique  
  without georeferenced images.
 ●	 Volumes of sediments are not easily  
  estimated from data collected from  
  the profiles.
 ●	 Considerable time is spent on-site  
  because the geologic units are  
  described on-site. (The time for  
  describing units was reduced by  
  using a lithofacies code.)
TERRESTRIAL LASER 
SCANNER
Terrestrial laser or LiDAR (light detec-
tion and ranging) scanning is used to 
record the microtopography of an out-
crop by using RTS pulsed-laser technol-
ogy as a scanner. Several types of TLS 
instruments acquire x, y, z, and i (where 
i is reflected light intensity) point cloud 
imagery in relatively short periods of 
time. The TLS imagery produces a point 
cloud over which conventional color 
photography can be draped (Bellian et 
al. 2005; Nichols et al. 2011). Measure-
ments and calculations of quantitative 
outcrop properties are made based on 
interpretation of the microtopography 
and image appearance.
Most TLS instruments require physical 
targets on the outcrop or scanned area 
to assist in orientation of the collected 
point cloud (Figure 3). Some TLS instru-
ments are capable of rotating 360° to 
scan targets at accessible locations to 
determine the instrument position by 
resection. Natural targets, such as the 
intersection of tree limbs, have been 
used (Day et al. 2011), although the 
authors’ experience has been that this 
practice is difficult and less precise.
The TLS method requires time on-site 
to set up and move the instrument, set 
and survey targets, and scan overlap-
ping areas from different perspectives. 
Extended use of the instrument and a 
laptop computer may require an exter-
nal power supply. Electrical power for 
operating a TLS can be a limitation for 
extended field use.
Whereas TLS point cloud imagery is 
orthoreferenced (i.e., the geometry of 
the point cloud is uniformly scaled in 
all directions), an ordinary photograph 
contains relief displacement because 
light is focused through the center axis 
of a lens, producing radial displacement. 
Consequently, draping a photo over the 
point cloud introduces errors because of 
the difference between the geometries of 
the TLS imagery and the photograph.
Advantages of the TLS survey method 
include the following:
 ●	 Accurate measurements can be  
  made of lithologies and sedimen- 
  tary features of geologic deposits  
  solely based on texture, allowing  
  comparison between profiles from  
  different parts of a pit.
 ●	 The data acquisition process is rela- 
  tively uncomplicated and provides  
  an image x, y, z, i record for repeated 
  referral.
 ●	 The processing of 3-D imagery is  
  generally conducted by experienced 
  personnel using proprietary soft- 
  ware, allowing the geologist to focus 
  on depositional features and struc- 
  ture rather than learn the nuances  
  of surveying and photogrammetry.
Disadvantages of the method include 
the following:
 ●	 The cost of acquiring the instrument 
   and software is considerable.
 ●	 Difficulty may arise in processing  
  collected point clouds and imagery.
 ●	 Power consumption can require  
  heavy batteries or a supplemental  
  power supply.
  15
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Figure 1 Chicago urban area aerial photography (March 28, 2005) showing six profiles surveyed at 
the Thelen Sand and Gravel pit, Lake and McHenry Counties, Illinois, USA. Location of the pit is the 
uppermost red dot on the inset map.
Figure 2 A 2005 reflectorless total station survey of Profile 5 at the Thelen Sand and Gravel pit show-
ing elevation at the top of the foreset and contact with bottomset beds. Flow was from right to left. 
Contacts and beds were surveyed using the reflectorless total station in the foreground.
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 ●	 Specialized training is required for  
  field and office personnel.
 ●	 Concurrent photographs are not  
  orthorectified for precision overlay- 
  ing with TLS imagery.
 ●	 Data acquisition is facilitated by the 
  placement of targets on or near the  
  outcrop in view of the scanner.
We have found the accuracy of the point 
cloud and derived models acceptable for 
most geologic work.
CLOSE-RANGE 
PHOTOGRAMMETRY
Close-range photogrammetry, like the 
aerial photogrammetry described by 
Moffit and Mikhail (1980), Slama (1980), 
and Greve (1996), uses stereophotog-
raphy and direct linear transformation 
mathematical processes (Karara 1972) 
to create an orthorectified image and a 
digital elevation model (DEM) or point 
cloud. In recent years, the CRP method 
has commonly been used for rock slope 
stability analyses along highways and 
surface mines, but the method offers 
promise for recording a wide variety of 
exposures. Dip and dip direction can 
be calculated; the inclination of sur-
faces, openings, and thicknesses can be 
measured; and vertical and horizontal 
changes in bedding, lithologic contacts, 
and other interpretations can be mea-
sured and geographically referenced for 
3-D modeling (Haneberg 2008; Stohr et 
al. 2015).
Like the TLS method, photogrammetry 
requires the use of surveyed control 
points. Unlike TLS, the CRP control 
points do not have to be physically 
marked on the outcrop wall but can be 
features such as crack intersections, 
asperities and prominent changes in 
color, microtopography, or protrusions 
that can be confidently identified on 
photographs. The use of natural targets 
requires additional time compared with 
that required by the RTS surveying and 
TLS methods because CRP requires that 
detailed notes and sketches of georefer-
encing targets be collected to assist in 
the data processing. We have used in-
field computing and image processing to 
mosaic snapshots as a reference image 
to note the surveyed reference marks. 
The use of natural features, rather than 
manually placed targets, can introduce 
ambiguity, but this does not seem to 
reduce accuracy for geologic applica-
tions (Stohr et al. 2011). Consequently, 
the resulting imagery is suitable for 
measurements of outcrop features (Stohr 
et al. 2011).
Field data collection for the CRP method 
includes collecting stereophotographs, 
usually multiple images at each station 
(Figure 4), surveying camera station and 
control points, and documenting con-
trol point locations. Office processing 
and analysis steps include developing a 
stereomodel and deriving a DEM of the 
outcrop (Figure 5).
The CRP method has several advantages, 
including the following:
 ●	 Field data acquisition requirements  
  are straightforward.
 ●	 Equipment is relatively low cost to  
  purchase.
 ●	 Processing time is fast.
 ●	 High-resolution photographs are  
  integrated with the underlying DEM 
  for feature recognition.
 ●	 Physical targets do not need to be  
  placed on the outcrop.
Disadvantages of the CRP method 
include the following:
 ●	 The software is moderately expen- 
  sive.
 ●	 Photogrammetric processing can be 
   complicated.
 ●	 Camera orientations need to be  
  recorded for all stereomodels along  
  a section.
 ●	 Photography is best collected  
  normal to the outcrop face.
 ●	 Proximity to the outcrop can restrict 
  the angle of view.
 ●	 Tapered outcrops and vegetation  
  can complicate photography and  
  processing.
We found, based on nine studies, 
that the accuracy of the stereomodels 
derived by CRP was acceptable for most 
geologic work.
IMAGE PROCESSING OF 
OUTCROP PHOTOGRAPHS
The use of high-resolution digital pho-
tography as part of the CRP method 
invites the use of image processing tech-
niques to improve visual interpretation 
of the imagery. Techniques routinely 
used for satellite imagery analysis and 
commercial photography, including fill 
light, shadow enhancement, contrast 
stretching, band ratioing, and unsu-
pervised classification, are helpful to 
prepare imagery for the CRP and inter-
pretation for 3-D mapping. If imagery 
is available in nonvisible wavelengths, 
the increased distinctions of texture, 
moisture, and mineralogy may provide 
interpreters with additional insight to 
reduce the number of samples needed 
for testing and to extrapolate scarce test-
ing data.
SUMMARY
The RTS, TLS, and CRP methods provide 
3-D georeferenced measurements of 
geologic features in outcrops and expo-
sures, allowing virtual visitation and 
measurement of outcrops for analysis 
and consultation. All these methods 
gather data and imagery distant from 
an outcrop or mine face and have good 
geometric characteristics. A table of 
comparison follows in the addendum. 
However, at this time CRP requires the 
least access to an outcrop and provides 
better fidelity of imagery with respect to 
spatial and spectral resolution, which 
are key to geologic description.
Commonly used image processing tech-
niques can improve outcrop photogra-
phy for interpretation and analyses in 
all these methods. The use of imagery in 
nonvisible wavelengths could extend or 
reduce the need for sampling and test-
ing, especially where outcrops are inac-
cessible.
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Figure 5 Joints, fractures, and bedding continuity segments digitized on a 
stereomodel.
Figure 4 Stereophotography collection at a quarry.
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ADDENDUM
Table 1 compares remote-sensing methodologies available at the time of the meeting. 
Table 1 Comparison of three types of remote sensing for outcrop characterization1
Point of comparison
Reflectorless total 
station
Terrestrial laser 
scanning
Close-range 
photogrammetry
Cost for instruments, software except 
  surveying instruments
None Large; $40,000– 
  $100,000
Low; $6,000– 
  $20,000
Time for data collection Large Small–medium Medium
Time for data reduction Small Medium Medium
Time needed for interpretation after data 
  reduction
None; data interpreted  
  on-site
Medium Medium
Acquisition considerations Observe from a single  
   point
Can scan from  
  multiple perspectives
Multiple camera  
  stations along a  
  transect
Vegetation interference in data  
  collection and reduction
NA May or may not reflect 
  laser; easy to cut out 
  if outcrop is viewed  
  from multiple angles 
Obscures outcrop  
  and all that is 
  behind the  
  vegetation;  
  problematic if there  
  is considerable  
  vegetation 
Expertise needed for data reduction Low; combines  
  elevations with profile  
  descriptions 
Medium to large if 
  mosaicking is 
  needed
Medium
Expertise needed for on-site  
  interpretation
Large NA NA
Georeferenced data output Table 3-D point cloud (x, y,  
  z, i), mesh 
3-D color image, 
  mesh 
Export to other software NA Points and mesh Varies with software
3-D measurements NA Dip, dip direction,  
  volume, area, length
Dip, dip direction,  
  length
Delineation of geologic features Profile description with  
  comments
Made with reference  
  to supplementary  
  field photographs
Draws on the visible  
  parts of virtual  
  outcrop 
Remarks Interpreted data  
  available after data  
  collection but lack a  
  georeferenced image  
  for reference
Textures sometimes  
  relate to geologic  
  lithology or  
  sedimentary  
  features 
Visually interprets  
  geologic lithology  
  and sedimentary  
  features
1Each type of measurement method provides useful data that have strengths and weaknesses. NA, not applicable.
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Geology, Mining, and Fluorescent Minerals 
at the Omya California White Knob Quarry, 
San Bernardino Mountains Area 
of Southern California
Howard Brown*
Omya California, a Division of Omya Inc., Lucerne Valley, California
ABSTRACT
Omya, the leading global producer of 
ground calcium carbonate, produces 
white calcium carbonate from the White 
Knob Quarry, located on the north slope 
of the San Bernardino Mountains in the 
Lucerne Valley area of the Mojave Desert 
in southern California. The quarry is 
also the premier fluorescent mineral-
collecting location in southern Califor-
nia.
The quarry is developed in multiply 
folded, Paleozoic miogeoclinal car-
bonate rocks intruded by a variety of 
Mesozoic-age plutonic rocks. The Monte 
Cristo Limestone of Mississippian age 
has been multiply metamorphosed to 
amphibolite grade, forming very coarse 
grained white calcite marble. Mining 
is by standard open-pit methods. Ore is 
processed into finely ground calcium 
carbonate and utilized in the manufac-
ture of hundreds of common consumer 
products.
Fluorescent minerals are common in 
waste rock and not in the high-purity 
calcium carbonate ore. Fluorescent min-
erals respond to shortwave ultraviolet 
light. The fluorescent minerals have sev-
eral modes of occurrence at the quarry. 
Most occur within the Arrowhead 
Member of the Mississippian Monte 
Cristo Limestone, originally an impure 
cherty limestone metamorphosed to 
wollastonite calc-silicate marble. Sev-
eral manganese-bearing minerals are 
present. Fluorescent minerals common 
in the Arrowhead Member include 
orange-fluorescing calcite, bright yellow 
wollastonite, lime green hyalite and ara-
gonite, blue diopside, white dolomite, 
and unknown minerals that fluoresce 
violet, azure blue, sky blue, and shades 
of olive green. Another common fluores-
cent mineral occurrence is magenta-flu-
orescing feldspar within Jurassic granite 
dikes. When the dikes cut the fluores-
cent Arrowhead Member, spectacular 
multicolored specimens are present. 
Other common fluorescent occurrences 
include highly phosphorescent trav-
ertine and caliche. Less common are 
skarn occurrences, including metallic 
minerals such as powellite (a molybde-
num mineral) that fluoresces as bright 
white snowflakes.
The presence of activator impurities in 
the host rock, including manganese, 
uranium, zinc, iron, and rare earth ele-
ments, are likely responsible for the 
fluorescence at the White Knob Quarry. 
Fluorescent minerals occur in rocks 
of different ages and include primary, 
metamorphic, and secondary miner-
als. Genesis is related to the inherent 
composition as well as other processes 
occurring over a range of geologic time.
INTRODUCTION
The largest high-brightness, high-purity 
limestone mining operations in North 
America are located in the northern San 
Bernardino Mountains in southern Cali-
fornia (Figure 1). The combined annual 
production of high-brightness limestone 
products from several mining opera-
tions is approximately 2.0 million tons 
per year (Brown 2008a). Specialty Min-
erals Inc. and Omya California are the 
major producers. An additional 3.0 mil-
lion tons per year of cement-grade lime-
stone is mined by the Mitsubishi Cement 
Company. The combined annual gross 
value of limestone produced from this 
area is estimated to be about $150 mil-
lion per year (Brown 2008a).
Omya is a leading global producer of 
ground calcium carbonate (CaCO
3
). A 
privately owned company founded in 
1884, Omya has more than 100 opera-
tions in more than 50 countries. The 
Omya California Lucerne Valley opera-
tion in the Mojave Desert at the base 
of the San Bernardino Mountains is 
currently producing high-purity, high-
brightness calcium carbonate from the 
Sentinel, Butterfield, and White Knob 
Quarries (Brown 1994a). White Knob 
Quarry is the main topic of this report 
and is discussed in detail hereafter. A 
variety of fluorescent minerals are also 
present at the White Knob Quarry, and 
in recent years, the site has become the 
foremost fluorescent mineral-collecting 
location in southern California.
REGIONAL  
GEOLOGIC SETTING
Brown (1984a,b, 1985a,b, 1986, 1991a,b, 
2008b) has presented numerous reports, 
presentations, and papers on the 
regional geologic setting of the San Ber-
nardino Mountains and Mojave Desert 
area, which are summarized below. A 
variety of rocks of Precambrian to recent 
age are exposed within the San Ber-
nardino Mountains, and Late Precam-
brian and Paleozoic metasedimentary 
rocks in the White Knob Quarry area 
unconformably overlie older 1.8 billion-
year-old Baldwin Gneiss, which forms 
the Precambrian basement.
Late Proterozoic and Paleozoic sequen-
ces in the San Bernardino Mountains 
contain elements of both cratonal and 
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Figure 1 Location of the White Knob Quarry along the north slope of the San Bernardino Mountains, 
Lucerne Valley area of the Mojave Desert, southern California.
miogeoclinal affinity (Figure 2). The 
lower part of the sequence is dominated 
by quartzite of the Stirling quartzite, 
Wood Canyon Formation, and Zabriskie 
quartzite. The Cambrian Carrara For-
mation contains both clastic and car-
bonate members. Cambrian strata are 
dominated by dolomite of the Bonanza 
King and Nopah Formations. A major 
unconformity is present between Upper 
Cambrian and Devonian strata through-
out the Mojave Desert region and San 
Bernardino Mountains. In the San 
Bernardino Mountains, Upper Precam-
brian and Lower Cambrian rocks are of 
miogeoclinal aspect, Middle Cambrian 
strata are of cratonal aspect, and Upper 
Paleozoic rocks are identical to inner 
miogeoclinal facies of the central and 
eastern Mojave Desert region.
Upper Paleozoic rocks, including Upper 
Devonian, Mississippian, and Pennsyl-
vanian through Permian, are dominated 
by limestone. High-brightness, high-
purity crystalline limestone deposits 
occur in Upper Paleozoic miogeoclinal 
limestone formations in the San Ber-
nardino Mountains and at White Knob 
Quarry. The Mississippian Monte Cristo 
Limestone is mined for high-brightness, 
high-purity calcium carbonate, and the 
Pennsylvanian Bird Spring Formation 
is extensively mined for cement-grade 
limestone (Brown 2008a).
Several major tectonic events have 
been recognized in the San Bernardino 
Mountains. These include complex 
multiphase Permo-Triassic and Meso-
zoic-age folding and thrust faulting, 
contact and regional metamorphism, 
and intrusive events (Brown 1984b, 
1985b; Miller et al. 1997, 2000). Cenozoic 
activity includes several generations 
of high- and low-angle faults and mild 
folding. The San Bernardino Mountains 
area continues to be seismically active, 
as evidenced by the significant earth-
quakes in the area during the last 15 
years. The San Bernardino Mountains 
contain large resources of high-bright-
ness, high-purity limestone. The geologi-
cal processes and genesis of high-purity, 
high-brightness calcium carbonate 
deposits are discussed in a later section.
GEOLOGY AT THE  
WHITE KNOB QUARRY
The geology at the White Knob Quarry 
has been described by Brown (1994a,b, 
1995, 1997, 2008a) and is summarized 
below. The White Knob Quarry area is 
located within the Butler Peak (Miller 
et al. 2000) and Fawnskin (Miller et 
al. 1997) U.S. Geological Survey quad-
rangle maps (Figure 3). Rocks at the 
White Knob Quarry include Paleozoic 
metamorphosed sedimentary rocks, 
Mesozoic granitic rocks, and younger 
landslide, talus, and alluvial deposits.
Paleozoic Rocks and  
Limestone Deposits
Ore-grade limestone at the White Knob 
Quarry is mined from the Monte Cristo 
Limestone Bullion Member of Missis-
sippian age. The stratigraphic section 
of Monte Cristo Limestone at the White 
Knob Quarry is developed in an isocli-
nally folded and overturned section. The 
full thickness of the Bullion Member 
is up to 400 ft (122 m) thick. The White 
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Figure 2 Composite stratigraphic column of late Precambrian and 
Paleozoic rocks in the San Bernardino Mountains (from Brown 1991a,b). 
The orebody at the White Knob Quarry is within Mississippian Monte Cristo 
Limestone.
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Knob Quarry deposit occurs in the core 
of a tight overturned synformal F-2 fold, 
and the thickness of the Bullion Member 
has been increased in the core of the 
fold. In the quarry area, the rocks strike 
almost east–west and dip to the south. 
Dips range from about 45° to vertical.
At the White Knob Quarry, rocks have 
been multiply metamorphosed to 
amphibolite and granulite facies, and 
the ore is exceedingly coarse-grained, 
white translucent calcite marble. Indi-
vidual calcite rhombs are commonly 
more than 1 in. (2.5 cm) across. The 
steeply dipping deposit is more than 
1,500 ft (457 m) along the strike and is 
exposed more than 1,200 ft (366 m) verti-
cally (Brown 1994a). Fluorescent min-
erals do not occur in the ore at White 
Knob but do occur in some of the waste 
rock, including impure limestones or 
marbles, intrusive rocks (dikes), and 
contact metamorphic skarn deposits. 
The Arrowhead Member of the Monte 
Cristo, a metamorphosed impure cherty 
limestone, contains abundant fluores-
cent minerals.
Mesozoic Rocks
Mesozoic rocks at the quarry include 
a variety of granitic rocks that have 
intruded and engulfed the carbonate 
roof pendants, including the White 
Knob deposit to the south and north, 
and younger, thin granite dikes have 
intruded the deposit in several places. 
An extensive migmatite zone is present 
in the complexly intruded hanging wall 
south of the deposit.
The intrusive rocks can be differentiated 
into older Permo-Triassic monzonites 
and hybrid migmatized plutonic rocks 
that are nonfluorescent, and younger 
Jurassic-Cretaceous thin, more siliceous 
dikes in which feldspars are highly fluo-
rescent.
The granitic rocks have created contact 
metamorphic aureoles in the adjacent 
carbonate rocks and contributed some 
heat to the regional metamorphism. 
Uplift and erosion of the overlying rocks 
has revealed the lower portions of the 
metamorphosed roof pendants, which 
are largely engulfed in the plutonic 
rocks.
Other Metamorphic  
and Mineralized Rocks
Several small skarn zones, containing 
small subeconomic concentrations of 
metallic minerals and a variety of calc-
silicate minerals, have been prospected 
in the past for gold, copper, and zinc. 
These showings also contain a variety of 
fluorescent minerals.
Alluvial Deposits and  
Unconsolidated Material
Younger rocks at the quarry area are 
derived from the older sedimentary, 
metamorphic, and igneous rocks and 
form landslide, talus, and alluvial 
deposits. Landslide deposits are located 
along the north slope of the White Knob 
Quarry and within drainages to the east 
and west of the deposit. The landslide 
deposit to the north includes numer-
ous very large boulders of white marble. 
Early attempts at mining the marble 
focused on the landslide boulders.
Talus deposits are present along the 
east slope of the west canyon and were 
formed by erosion on steep slopes below 
cliff exposures of both carbonate and 
intrusive rocks during Pleistocene and 
Holocene time. Alluvial deposits include 
several generations of Pleistocene and 
Holocene as well as recent alluvium 
derived from exposed bedrock by fluvial 
and debris flow processes.
GENESIS OF WHITE  
HIGH-CALCIUM LIMESTONE 
DEPOSITS
The genesis and formation of high-
brightness, high-purity limestone 
deposits (Brown 1987a,b, 1994a,b, 1995, 
1997, 2008a) is summarized below. 
Carbonate rocks are found extensively 
on all continents, but high-purity, high-
brightness (white) limestone deposits 
are relatively uncommon in nature 
because their formation depends on the 
superposition of several independent 
geologic processes acting over a long 
period of time. The following are among 
the general and specific processes at 
White Knob:
 1. Deposition of originally pure lime- 
  stone Bullion Member Monte Cristo 
  Limestone in a high-energy agi- 
  tated, shallow marine environment  
  by precipitation of calcium carbon- 
  ate from seawater and the accumu- 
  lation of marine organisms with  
  calcium carbonate bodies to form  
  pure bioclastic limestone.
 2. Postdepositional changes in sedi- 
  mentary settings protected from  
  silicate contaminants and dolo- 
  mitization, and by metamorphism  
  (regional and contact metamor- 
  phism), magmatic processes, or  
  both to bleach and recrystallize the  
  rock and disperse any impurities  
  that may have been present. At  
  White Knob, the rocks have been  
  affected by both regional and con- 
  tact metamorphism, and the ore is  
  very coarse grained calcite marble.
 3. Structural controls, including fold- 
  ing, faulting, and orogenic pro- 
  cesses, to increase the thickness or  
  width of the deposit by tectonic  
  repetition of the beds or thickening  
  of marble horizons in the cores of  
  folds and place the rocks in desir- 
  able structural settings. At White  
  Knob, the rocks have been folded  
  into tight ductile overturned syn- 
  forms, and the marble has been  
  thickened in the core of the fold.
 4. Uplift and erosion to remove over- 
  lying rocks and expose the deposits. 
  Uplift in the San Bernardino Moun- 
  tains has allowed erosion to strip  
  away the overlying rocks and  
  expose the white marble deposit on  
  the overturned limb of a large F-1  
  fold.
 5. Preservation through geologic time. 
  Uplift of the existing San Ber- 
  nardino Mountains has been rela- 
  tively recent, and the large lime- 
  stone or marble roof pendants  
  have not been eroded away,  
  whereas the ranges in the nearby  
  Mojave Desert were uplifted in  
  pre-Miocene time and the carbon- 
  ate roof pendants have largely been  
  eroded away.
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Because all these geologic processes 
are required, deposits of high-calcium 
white crystalline limestone are relatively 
uncommon in nature and are vastly 
different from common limestone. 
Deposits of high-purity, high-brightness 
crystalline limestone suitable for high-
quality filler and extender applications 
are limited and occur only in restricted 
areas.
Within the southwestern United States, 
the largest currently productive and 
potentially productive deposits of white, 
high-purity limestone are present in the 
San Bernardino Mountains of southern 
California. The area is by far the larg-
est producing district in western North 
America. This is a function of the com-
plex geology that allows the large high-
purity, high-brightness deposits to form, 
as well as other factors, including prox-
imity to markets and low-cost mining, 
processing, and transportation.
SPECIFICATIONS OF HIGH-
BRIGHTNESS, HIGH-PURITY 
LIMESTONE AND ITS USE
High-purity (>98% CaCO
3
) white crystal-
line limestones or marbles may be used 
as white fillers and extenders. These 
products are finely ground (<10 µm), 
have high brightness (from 90 to >96), 
and have low tint (a measure of iron 
oxide stain). The high-purity limestone 
ore typically contains <2% magnesium 
carbonate (MgCO
3
), silicon dioxide 
(SiO
2
), and other impurities combined. 
Value, free on board, is as much as $200/
metric ton, depending on the fineness 
of grind and brightness. This is high 
relative to the average cost of limestone 
reported by U.S. Geological Survey 
(2014) commodity summaries; however, 
the price may be substantially lower 
than prices of competing fillers such as 
precipitated calcium carbonate, kaolin, 
mica, or titanium dioxide (TiO
2
). Thus, 
white, natural-ground calcium carbon-
ate is desirable as a functional filler and 
extender from a performance standpoint 
as well as cost. Color, purity, and particle 
size are of utmost importance in virtu-
ally all applications.
MINING AND PROCESSING
The White Knob Quarry has been mined 
continuously by Omya since 1987. The 
existing approved mine plan will allow 
quarry production to continue until 
beyond 2030.
The White Knob Quarry is a multibench 
open-pit mine. The following descrip-
tion of mining and processing is sum-
marized from Brown (1994b, 1997, 
2008a). Two or three working levels are 
operated at any one time to supply the 
quota of ore needed to meet production 
demands. The multiple-working-level 
concept allows for greater selectivity 
and blending of rock qualities to meet 
stringent quality standards of customers 
and to allow maximum utilization of the 
resource.
Topography in the area of the quarry 
is extremely steep, and the deposit 
originally formed steep cliffs and was 
exposed over a vertical interval of more 
than 1,200 ft (366 m). The White Knob 
deposit is mined in 30- to 50-ft (9- to 
15-m) cuts with a safety bench every 50 
vertical feet (15 vertical meters). Access 
to the various benches is via a series of 
switchback roads cut into the adjacent 
granite rock mountainside. The quarry 
presently has more than 15 benches 
mined. At present, production comes 
from both lower levels (5400 level) and 
upper levels (6200 level) of the quarry.
The face angle averages 70°. The bench 
width is 25 ft (about 8 m) but is greater if 
the wall height is more than 50 ft (about 
15 m). Generally, the bench width is half 
the wall height. Pit ramps are 25 to 35 
ft (about 8 to 11 m) wide with passing 
turnouts every 1,000 ft (about 305 m), 
and the grade is 12% to 18% depending 
on conditions.
The ore is drilled and blasted with a 
DM-45 drill (6.5-in. holes, 10 × 15 pat-
tern), loaded with a Cat 992 12-yd (11-m) 
front-end loader into Terex 85-ton 
haul trucks and hauled to the primary 
crusher, at the 5500 level. At the crusher, 
the rock is reduced in size to −7 in. (−17.8 
cm), screened, and separated into the 
various quality grades.
At the crusher, haul trucks dump 
quarry-run ore into the feed hopper. 
A vibrating feeder moves the ore over 
a 6 × 20 ft (1.8 × 6.1 m) screen unit. The 
screen arrangement separates the −¼-in. 
(−0.6-cm) ore from the load. The −¼-in. 
material is removed from the system 
and stored and sold separately. The 
+¼-in. (+0.6-cm) material is transferred 
into a primary 44 × 52 in. (112 × 132 cm) 
Nordberg jaw crusher. The jaw crusher 
reduces the quarry run ore to a −7-in. 
(−17.8-cm) size, which is then trans-
ported via belt conveyors to the radial 
stacker. Stockpiles of ore, separated by 
grade, are made by the radial stacker. 
Each stockpile is capable of holding 
approximately 5,000 tons of ore. From 
these stockpiles, crushed ore is loaded 
into 85- and 100-ton haul trucks and 
transported 6.5 mi (10.5 km) on the 
White Knob Haul Road to the Omya pro-
cessing plant in Lucerne Valley.
At the plant, the crushed ore is ground 
by Raymond mills and classified into 
the various finished products. Finished 
products range from fine (10-µm) to 
ultrafine (2-µm) ground products. Fin-
ished products are stored in 100-ton 
silos, and the bulk or bagged products 
are shipped by truck or rail to consum-
ers.
Some of the most common consumer 
products made from Omya limestone 
mined from the San Bernardino Moun-
tains (of the hundreds and hundreds of 
consumer products actually made using 
limestone) are shown in Table 1.
FLUORESCENT  
MINERALS AT THE WHITE 
KNOB QUARRY
Although mining began at White Knob 
in 1988, it was not until May 2004 that 
fluorescent minerals were recognized as 
being present at the quarry. Since then, 
the White Knob Quarry has become the 
foremost fluorescent mineral-collecting 
location in southern California. A vari-
ety of fluorescent minerals are present 
within the waste rock. The ore-grade  
calcium carbonate discussed above 
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is nonfluorescent. At the White Knob 
Quarry, fluorescent minerals are 
exposed over a vertical interval exceed-
ing 1,200 ft (366 m). Fluorescent miner-
als are rather common and range from 
sand-sized grains to large boulders 
weighing 20 tons or more.
Most of the fluorescent minerals at the 
White Knob Quarry are not rare miner-
als but are relatively abundant in some 
of the waste rock. In some cases, a single 
blast may contain as much as 1,000 tons 
of fluorescent material. It is estimated 
that before mining, the quarry area may 
have contained 100,000 tons or more of 
fluorescent rock.
FLUORESCENCE  
AND WHAT CAUSES IT
Fluorescence  
and Phosphorescence
Humans have been attracted to colored 
minerals for thousands of years; how-
ever, one of the most dramatic color 
phenomena in rocks and minerals is flu-
orescence. Wilkins (2011) has described 
the phenomena of fluorescence and 
phosphorescence as the visible light 
produced by certain minerals when illu-
minated by the rays from an ultraviolet 
source. Fluorescence occurs as activator 
atoms in the fluorescing mineral absorb 
ultraviolet light, transferring an electron 
from a lower vibration band to a less 
stable higher energy band. As a result, 
the electron is thrown into increased 
vibration, which in turn transfers energy 
to neighboring atoms and causes visible 
fluorescence of various vibrant colors.
Phosphorescence is the afterglow pro-
duced when an ultraviolet lamp is held 
over a fluorescent mineral and then 
turned off; the mineral “glows in the 
dark,” or phosphoresces. Phosphores-
cence results from processes that pre-
vent electrons energized by ultraviolet 
light from rapidly discharging their 
energy, resulting in the afterglow. This 
can happen because of crystal defects, 
missing atoms, or impurity atoms 
(Wilkins 2011).
Activator Elements
The role of activator elements in fluo-
rescence is summarized from exten-
sive discussions in Robbins (1994). 
Generally, most pure minerals do not 
fluoresce. Most often, fluorescence is 
caused by an activator—an impurity 
that introduces the necessary energy 
levels into the mineral to allow fluores-
cence. The most important activators 
are manganese (Mn2+) and lead, which 
cause red and orange fluorescent colors 
as well as yellow fluorescence; uranium, 
which causes green fluorescence; and 
rare earth elements (REE), especially 
europium, which fluoresce blue to violet 
colors.
Occasionally, a flash of initial color 
can be produced by rapidly passing an 
ultraviolet lamp over a specimen—the 
color is subsequently overwhelmed by 
the more sustained fluorescent color 
of that mineral. The presence of a flash 
indicates two distinctive fluorescent 
colors, each usually caused by a separate 
activator (Robbins 1994).
The presence of a potent activator such 
as manganese may not be sufficient to 
induce fluorescence. However, a second 
impurity coactivator or sensitizer may 
make fluorescence possible. In the case 
of manganese, the coactivator is usually 
lead (Pb2+). Other possible coactiva-
tors noted by Robbins (1994) are iron, 
uranium, zinc, and REE. Typically, the 
activator elements cause predictable 
fluorescence colors, as noted above.
At White Knob, activator elements that 
allow the various fluorescent colors to 
occur are manganese, iron, uranium, 
and REE. These elements occur in 
minute quantities in some of the waste 
rock (a few parts per million), and their 
presence in the right proportions allows 
the fluorescence to occur.
Fluorescence intensity, brightness, 
and colors in various minerals are also 
related to the wavelength of the ultra-
violet light. Most fluorescent minerals 
respond to shortwave ultraviolet light, 
whereas a few, such as fluorite, respond 
to long-wave ultraviolet light. At the 
White Knob Quarry, all known fluo-
rescent minerals respond to shortwave 
ultraviolet light.
Table 1 Some common industrial uses, and consumer products utilizing or containing limestone mined by Omya  
California Inc.
Environmental Construction Consumer products Human or animal uses Some other uses
Water filtration Drywall mud Crayons Pharmaceutical Athletic field line 
    products  markers 
Acid water Paint Glue Antacids Wire coating 
 neutralization   Insulation 
Acid sewage Plastics Fabrics Buffered aspirin Carpet backing 
 neutralization 
Acid rain Stucco Polyester Calcium Sugar refining 
 neutralization    supplements 
Air emission control Roofing paper Latex compounds  Toothpaste Floor tile 
Acid soil treatment Synthetic marble Household cleansers Disinfectants Glass 
 Caulking compound PVC pipe 
 Drywall mud
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MODES OF OCCURRENCE 
OF FLUORESCENT 
MINERALS AT WHITE  
KNOB QUARRY
Fluorescent minerals at the White Knob 
Quarry have several modes of occur-
rence, as summarized below:
 • A 20- to 25-ft-thick (about 6- to 
   8-m-thick) section within the  
  Arrowhead Member of the  
  Monte Cristo Limestone of  
  Mississippian age.
 •  Thin potassium feldspar-rich  
  granitic dikes of Jurassic age,  
  travertine coatings, and fracture  
  filling of north- to south-trending  
  fractures.
 •  Caliche coatings on weathered  
  surfaces.
 •  Contact metamorphic skarn  
  mineralization.
Fluorescent Minerals in the 
Arrowhead Member of the  
Monte Cristo Limestone
The majority of the brightest and most 
colorful fluorescent minerals occur in 
the Arrowhead Member of the Monte 
Cristo Limestone of Mississippian age. 
The Arrowhead Member is 25 to 35 ft 
(about 8 to 11 m) thick and was origi-
nally an impure cherty limestone and 
dolomite. Metamorphism to amphibo-
lite grade formed wollastonite marble 
with other high-grade calc-silicate 
metamorphic minerals. The Arrowhead 
Member also contains manganese-bear-
ing minerals, including rhodochrosite, 
piedmontite, manganese calcite, and 
fluorescent minerals. Dayglow orange-
fluorescing calcite and bright golden 
canary yellow-fluorescing wollastonite 
are the most common fluorescent min-
erals (Figure 4). Wollastonite often dis-
plays a flash. Other common fluorescent 
minerals within the Arrowhead include 
diopside (fluorescing sky blue) and dolo-
mite (fluorescing blue white). Activator 
elements are manganese and perhaps 
lead, present as a few parts per million.
Also common within the Arrowhead 
Member are secondary fracture fillings 
of fluorescent violet and sky blue miner-
als within fractures in the golden yellow-
fluorescing wollastonite (Figure 5). Sus-
pected activator elements are REE.
Fracture fillings of dayglow green-fluo-
rescing aragonite and hyalite (chalce- 
dony) also occur within the Arrowhead 
Member (Figure 6). Green-fluorescing 
aragonite occasionally occurs as a 
fracture fill within orange-fluorescing 
calcite. Both minerals are calcium car-
bonate. The activator in the aragonite is 
uranium, whereas the activator in the 
orange calcite is manganese, present at a 
few parts per million.
Fluorescent Minerals Associated 
with Thin Potassium Feldspar-
Rich Granitic Dikes
Another common mode of occurrence of 
fluorescent minerals is associated with 
thin, crosscutting potassium feldspar-
rich granitic dikes of Jurassic age that 
intrude the Paleozoic marble. Potassium 
feldspars in the dikes fluoresce a deep 
magenta red color (Figure 7). Where 
the dikes have intruded the Arrowhead 
Member of the Monte Cristo Limestone 
fluorescent mineral formation (dis-
cussed above), multicolor specimens 
(with four to five colors in fluorescence) 
showing spectacular crosscutting rela-
tionships are rather common (Figure 
8a,b). Dayglow green-fluorescing hyalite 
and aragonite fracture fillings are rather 
common within the magenta-fluoresc-
ing dikes as well.
Travertine and Caliche Coatings
Common but less colorful are travertine 
fracture filling and caliche coatings. 
Most travertine-filled fractures are 
north- to south-trending high-angle 
fractures and faults. Some fracture 
fillings are a thin coating, but some 
open-space filling and breccia zones 
are as much as 2 ft (61 cm) thick and 
may contain colorful banded travertine. 
Less common are incompletely filled 
fractures with cave drip, flowstone, and 
small strawlike stalactites, as well as 
small euhedral calcite crystals. Traver-
tine fluoresces bright white with strong 
phosphorescence (i.e., glows in the 
dark after the ultraviolet light source is 
removed). Caliche surface and fracture 
coatings typically are white and fluo-
resce medium orange.
Acidic fluids traveling through the frac-
tures in the marble dissolved out the 
open space, whereas later carbonate-
saturated fluids deposited the travertine 
in the fractures. Mineral components 
were likely derived from and deposited 
in the Paleozoic host rock during rela-
tively recent (Pleistocene) times.
Contact Metamorphic  
Skarn Zones
The least common fluorescent mineral 
occurrences are associated with contact 
metamorphic skarn formation, where 
intrusive rocks have cut the Paleozoic 
marbles. Skarn deposits occasionally 
occur along some intrusive contacts. 
Some of the skarns contain nonfluores-
cent metallic sulfide minerals, including 
pyrite, pyrrhotite, sphalerite, galena, 
and chalcopyrite. In addition, fluores-
cent silicate minerals occur, such as 
diopside, dolomite, and wollastonite, 
as do uncommon tungsten and molyb-
denum minerals, such as disseminated 
powellite, which occurs as bright white 
snowflakes. It is interesting to note that 
as the quantity of garnet increases, the 
fluorescence is extinguished.
In summary, as can be seen from the 
foregoing descriptions of the vari-
ous modes of occurrence, fluorescent 
minerals at the White Knob Quarry are 
common in waste rock and occur in a 
variety of rock types of vastly different 
ages. It is theorized that the fluores-
cence is related to the original elemental 
composition of the primary rock types, 
such as sedimentary or igneous, but 
the activator elements have also been 
remobilized by later geologic processes 
and occur in rocks produced by other 
geologic processes, such as meta-
morphism (contact and regional) and 
hydrothermal mineralization, as well 
as in younger secondary features, such 
as mineral growths, fracture fillings, or 
coatings. Thus, the polygenesis is related 
to inherent composition as well as other 
processes occurring in a variety of rock 
types over a range of geologic time.
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Figure 4 Fluorescent calcite (reddish orange) and wollastonite 
(bright canary yellow). Shortwave ultraviolet light. Specimen is 6 in. 
(15.2 cm) along the base.
Figure 5 Secondary fluorescent mineral coatings (sky 
blue and violet colors) on lemon yellow-fluorescing  
wollastonite. Shortwave ultraviolet light. Specimen is  
10 in. (25.4 cm) high.
Figure 6 Secondary fracture-filling, green-fluorescing euhedral 
aragonite (CaCO3) crystals growing on red-orange-fluorescing 
calcite marble (CaCO3). Fluorescence in marble is triggered by 
manganese; fluorescence in aragonite is triggered by uranium. 
Shortwave ultraviolet light. Specimen is 6 in. (15.2 cm) along  
the base.
Figure 7 Magenta-fluorescing feldspar-rich granitic intru-
sive in contact with yellow-white-fluorescing wollastonite, 
and black calcite (nonfluorescent). Shortwave ultraviolet 
light. Specimen is 6 in. (15.2 cm) along the base.
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CONCLUSION
The Omya White Knob Quarry has 
been, and will continue to be, one of 
the largest sources of high-brightness, 
high-purity calcium carbonate in North 
America. At the Omya plant, the crushed 
ore is ground into finished products, 
ranging from fine (10-m) to ultrafine 
(2-µm) ground calcium carbonate. These 
products are sold mainly as functional 
Figure 8 (a, b) Spectacular multicolor specimen composed of calc-silicate minerals and cut by 
magenta-fluorescing granite dike.
fillers and extenders, and are used in the 
manufacture of hundreds of consumer 
products.
Fluorescent minerals commonly occur 
in some of the waste rock, and the 
quarry has become the foremost fluo-
rescent mineral-collecting location in 
southern California. Omya is generously 
allowing organized collecting trips 
every year.
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ABSTRACT
This orientation survey over the Upper 
Fir carbonatite suggests that needles 
and twigs of coniferous trees are suitable 
sampling media in direct exploration 
for carbonatites and carbonatite-related 
rare earth element, tantalum, and nio-
bium deposits. Carbonatites also host 
important phosphate, vermiculite, and 
fluorspar deposits.
Lanthanum, cerium, praseodymium, 
neodymium, samarium, dysprosium, 
iron, niobium, tantalum, phosphorus, 
and yttrium are the most promising 
pathfinder elements. Concentrations 
of tantalum and heavy rare earth ele-
ments (with the exception of dyspro-
sium and yttrium) are near or below 
the lower limit of detection in Spruce 
twigs (without ashing), and all samples 
in which tantalum was detected in con-
centrations higher than 0.002 ppm are 
spatially related to carbonatite or feniti-
zation. Ashing of both sample media 
tested (twigs and needles) prior to analy-
sis is recommended for future surveys. 
This procedure concentrates most trace 
elements to well above the lower limit of 
detection.
Twigs appear to be more suitable as 
a sampling medium than needles 
because they show consistently higher 
concentrations of the pathfinder trace 
elements. A difficulty encountered in 
the Upper Fir carbonatite area, which is 
expected to be common to other areas in 
the Cordillera, is the vegetation change 
related to abrupt changes in elevation 
above sea level. This orientation survey 
represents an excellent starting point; at 
least one additional orientation survey 
over carbonatite is required to confirm 
our findings and optimize the tech-
nique. This biogeochemical survey is 
expected to provide results comparable 
to those of the soil geochemistry carried 
out by the Commerce Resources Corp.
INTRODUCTION
Biogeochemistry
Terrestrial plants derive primary nutri-
ents [nitrogen (N), phosphorus (P), and 
potassium (K)] and secondary nutrients 
[calcium (Ca), magnesium (Mg), and 
sulfur (S)] from soil. Micronutrients 
[boron (B), copper (Cu), iron (Fe), chlo-
rine (Cl), manganese (Mn), molybdenum 
(Mo), and zinc (Zn)] and many nones-
sential elements (trace elements) are 
also incorporated into plant tissue 
during this process (Marschner 1997).
Exploration biogeochemistry is based 
on the detection of pathfinder elements 
(typically trace elements that are closely 
associated with a targeted ore deposit 
or uncommon deposit-specific host 
rock, in our case carbonatite). The best 
pathfinder elements form broad halos 
surrounding targeted deposits and 
are present in concentrations reliably 
detectable by commercial laboratory 
methods. In this document, we use the 
term potential pathfinder element sensu 
lato, to include even major elements 
if they appear useful in localizing the 
target. Although the concentrations of 
pathfinder elements in plants may not 
be as high as those in bedrock or soil, 
the pattern of higher concentrations 
over or near a deposit and lower con-
centrations with increasing distance 
from a deposit is expected. With the 
exception of P and Fe (the primary nutri-
ent and micronutrient, respectively, for 
plant growth), potential carbonatite 
pathfinder elements (i.e., those elements 
whose presence indicates the potential 
for a deposit) are all considered trace 
elements and are expected to be present 
in low concentrations in more highly 
evolved plants, such as trees.
The main objectives of biogeochemical 
exploration are (1) to focus exploration 
on the most favorable areas to host min-
eral deposits; (2) to help in the selection 
of drill targets in heavily overburden-
covered regions (identified using geo-
physical or other indirect methods); 
and (3) to extend geochemical cover-
age into areas impossible to sample by 
normal geochemical techniques, such 
as swamps and bogs (Rodgers and Dunn 
1993).
Biogeochemical exploration methods 
have been used effectively in exploration 
for uranium (U), base metals, precious 
34 Circular 587 Illinois State Geological Survey
British 
Columbia
Kamloops
Vancouver
Prince George
Victoria
BC Upper FirCarbonatite
Alberta
USA
Alaska
Pacific 
Ocean
C
olum
bia
Province
B
ritish
Alkaline
N
0
0 200 400 km
100 200 mi
Figure 1 Location of the Upper Fir carbonatite deposit area, Blue River District, 
British Columbia, Canada.
metals, and Mo-bearing deposits (Dunn 
et al. 1985; Akçay et al. 1998; Hulme et 
al. 2006; Dunn and Thompson 2009); 
however, their use in exploration for car-
bonatite-associated deposits, as defined 
by Richardson and Birkett (1996) and 
Birkett and Simandl (1999), is not well 
documented.
Elemental preferences and rates of accu-
mulation of nonessential elements differ 
greatly among different plant species. 
Furthermore, different plant tissues 
(e.g., roots, stems, bark, twigs, leaves, 
needles, etc.) incorporate nutrients 
and trace elements at different rates. 
Other factors that affect element intake 
into plants, such as age of the sampling 
media, season, soil type, topography, 
drainage, direction of glacial transport, 
climate, pH of surface waters, and soil 
acidity, need to be taken into consider-
ation during interpretation (Levinson 
1974; Kovalevsky 1987; Dunn 2007). 
A variable that may be of particular 
importance in the exploration for car-
bonatites is pH of the soil. The effect of 
soil acidity on the degree of absorption 
of major and trace elements by Agrostis 
capillaris (common grass) was studied 
by Tyler and Olsson (2001). The effects 
of acidity on grass, Spruce, and Fir are 
unlikely to be identical; nevertheless, 
acidity is expected to be particularly 
important because the main rock-
forming minerals in carbonatites are 
Ca- and Mg-carbonates. These carbon-
ates are widely used in soil conditioning 
to combat excessive soil acidity. The pH 
of soils and surface waters overlying and 
downslope of carbonatites is expected to 
be higher than those overlying silicate-
rich country rocks.
For the purpose of this research, rare 
earth elements (REE) are defined as the 
lanthanides, yttrium (Y), and scandium 
(Sc). They are subdivided into light REE 
(LREE) and heavy REE (HREE) catego-
ries based on their electron configura-
tion. The term LREE covers the lantha-
num (La)–gadolinium (Gd) portion of 
the lanthanide series, whereas the term 
HREE covers the terbium (Tb)–lutetium 
(Lu) portion of the lanthanide series. 
Yttrium is grouped with HREE based 
on its similar ionic radius and similar 
chemical properties. The properties of 
Sc are too different from the lanthanides 
to be assigned to either HREE or LREE 
(Connelly et al. 2005). The mobility of 
lanthanides is summarized by Laveuf 
and Cornu (2009). The accumulation and 
fractionation of lanthanides in plants 
was studied by Wyttenbach et al. (1998) 
and summarized by Tyler (2004). Over 
the last 10 years, documents describing 
the distribution and accumulation of 
light lanthanides in crops such as wheat 
(Ding et al. 2005), barley (Birson et al. 
2010), and rice (Wang et al. 2005) have 
been published.
Carbonatite-Associated Deposits
More than 527 carbonatites are known 
worldwide (Woolley and Kjarsgaard 
2008), and many remain to be discov-
ered. Although not all carbonatites are 
mineralized, carbonatite-associated 
deposits are major resources of nio-
bium (Nb) ± tantalum (Ta; Mackay and 
Simandl 2014), REE (Simandl 2014), Fe, 
apatite, and vermiculite. They can also 
contain significant deposits of fluorite, 
strontium (Sr), and baddeleyite (Pell 
1994; Richardson and Birkett 1996; 
Birkett and Simandl 1999).
Carbonatites can be Precambrian to 
recent in age, although the number 
of known carbonatite occurrences 
decreases with age (Woolley and Kempe 
1989). In British Columbia, carbonatites 
tend to be upper Devonian, Mississip-
pian, or Eocambrian in age (Pell 1994, 
1996; Birkett and Simandl 1999). Car-
bonatite intrusions commonly produce 
alteration (fenitization) halos character-
ized by sodium (Na) or K enrichment, 
or both (Morogan 1994; Le Bas 2008). 
Rare earth elements, Nb, and Ta have a 
variety of industrial uses in the United 
States, as summarized by Cordier (2011), 
Gambogi (2014a,b), Mackay and Simandl 
(2014), and Simandl (2014). Many west-
ern nations now consider REE essential 
for developing high-technology indus-
tries, reducing greenhouse gas emis-
sions, and maintaining their national 
security (European Commission 2011, 
2014).
UPPER FIR CARBONATITE
Location and Geological Setting
The Upper Fir carbonatite deposit is 
located in southeastern British Colum-
bia, Canada, approximately 125 miles 
(200 km) north of Kamloops (Figure 1). 
It is part of the British Columbia alka-
line province, which follows the Rocky 
Mountain Trench spanning British 
Columbia from the southeastern-most 
tip to the northern boundaries with 
the Yukon and Northwest Territories. 
This belt consists of several carbonatite 
and syenite complexes, including Aley, 
Wicheeda Lake, Bearpaw Ridge, Ice 
River Complex, Rock Canyon Creek, 
Lonnie, Vergil, Mount Bisson, the Blue 
River District (at least six known car-
bonatites, including Upper Fir), Trident 
Mountain, Mount Copeland, Perry 
River, Ren, and Mount Grace. Ultrabasic 
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diatremes, including the Kechika River 
area, the Ospika pipe, the Blue River 
area, Lens Mountain, the Valenciennes 
River pipes, the HP pipe, Shatch Moun-
tain, Russell Peak, Blackfoot and Quinn, 
Mount Haynes, the Mary Creek-White 
River breccia dike, and the Summer 
pipes and kimberlites (including the 
Cross kimberlite), also populate the Brit-
ish Columbia alkaline province. These 
occurrences are described by Pell (1994).
Geology of the Upper  
Fir Carbonatite
The Upper Fir carbonatite is one of sev-
eral known carbonatites within the Blue 
River Carbonatite District (Simandl et al. 
2002). It contains an indicated mineral 
resource of 48.4 million tonnes at 197 
ppm of tantalum pentoxide (Ta
2
O
5
) and 
1,610 ppm of niobium pentoxide (Nb
2
O
5
), 
and an inferred resource of 5.4 million 
tonnes at 191 ppm of Ta
2
O
5
 and 1,760 
ppm of Nb
2
O
5 
(Kulla et al. 2013).
This carbonatite is located within the 
Shuswap Metamorphic Complex. It is 
hosted by the semipelite-amphibolite 
unit of the Hadrynian Horsethief Creek 
Group, which was affected by strong, 
multiphase deformation (Digel et al. 
1989). As with most carbonatites in the 
area, it is coplanar with the foliation of 
the host rocks. The geology of the deposit 
area (Figure 2) has been described by 
Stone and Selway (2010), Chong et al. 
(2012), and Chudy (2014).
The Upper Fir carbonatite consists of 
dolomite carbonatite and calcite car-
bonatite phases. Exposed carbonatite 
appears white on fresh surfaces. Weath-
ered surfaces have an orange or brown 
exterior (Figure 3a,b). The country rocks 
are mostly garnet-muscovite-biotite 
gneiss, metasediments (biotite-feldspar-
quartz ± garnet ± kyanite gneiss; Figure 
3c), muscovite-biotite schists, and 
amphibolites. Unfortunately, amphibo-
lites of igneous and metamorphic origin 
are not distinguished from amphibole-
rich fenites on company maps.
The main Ta- and Nb-bearing minerals  
are pyrochlore [Na
1.5
Ca
0.5
Nb
2
O
6
(OH)
0.75 
F
O.25
] (Figure 3d), columbite Fe [re- 
cently renamed from ferrocolumbite 
(Fe2+Nb
2
O
6
);
 
Figure 3e], and fersmite  
[Ca
0.7
Ce
0.2
Y
0.1
Na
0.1
Th
0.05
Nb
1.7
Ta
0.3
Ti
0.02
O
5
(OH)F
0.1
]. The REE content of these min-
erals is relatively low, so a large propor-
tion of the REE is probably contained in 
other accessory minerals, such as La- 
and cerium (Ce)-bearing fluorocarbon-
ates (Simandl et al. 2002). Vermiculite 
concentrations of potential economic 
interest are also present in the proxim-
ity of Nb mineralization (Simandl et 
al. 2010). Some of the fenites that sur-
rounded the carbonatite at the time 
of its emplacement were stretched or 
physically separated from the intrusion 
by severe polyphase deformation. They 
can be distinguished in the field by blue-
green amphibole, biotite with or without 
vermiculite, or both (Figure 3f).
Chong et al. (2012) described a detailed 
exploration history of the area. A bulk 
sample (2,000 tonnes in total) was taken 
from three excavations over the Upper 
Fir deposit in fall 2008 and placed into 
75 to 150 tonne stockpiles composed 
mostly of about 1.6 ft (0.5 m) carbonatite 
blocks (Chong et al. 2012).
METHODOLOGY
Sampling Procedures
All vegetation samples were collected 
on August 23, 2010. Sampling was com-
pleted in less than 3 hours on a single 
day to avoid both seasonal and diurnal 
variations. Trees 16 to 23 ft (5 to 7 m) 
tall were selected as sampling media. 
Samples consisted of approximately 4 in. 
long (10 cm long) branch tips and were 
collected at shoulder height [~5.8 ft (1.7 
m) aboveground]. All sample locations 
were situated on a well-drained hill site. 
Samples were immediately placed in 
kraft sample bags [~31 to 42 in.3 (~500 to 
700 cm3)].
Vegetation in the Upper Fir deposit area 
consists of second- or third-growth 
forest dominated by a variety of conif-
erous trees. Wherever possible, White 
Spruce (Picea glauca; Figure 4) was 
chosen as the sampling medium. At 
lower elevations, White Spruce was not 
found and Subalpine Fir (Abies lasio-
carpa; Figure 5) was sampled instead. 
A narrow overlap exists between the 
Spruce and Fir domains. At two sample 
locations [Br-32(/A) and Br-33(/A); 
Figure 2], Spruce and Fir trees were 
found growing less than 10 ft (3 m) apart. 
Both species were sampled to allow for 
comparison between the two sample 
media. In total, 24 samples were col-
lected from 21 sampling locations (17 
Spruce samples and 7 Fir samples). Two 
samples (BR-15 and BR-16) were taken 
directly over the carbonatite, and two 
more samples (BR-20 and BR-21) were 
taken over a zone of fenitization that 
coincides with a bulk sample transload-
ing site.
Analytical Procedures
All samples were dried at 80 °C for 24 
hours. Needles were then separated 
from twigs. Twigs were milled using a 
Wiley mill, and a 1 g split was digested in 
nitric acid (HNO
3
) and then in aqua regia 
and analyzed using inductively coupled 
plasma mass spectrometry (ICP-MS) 
and inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) meth-
ods to ultra-low detection limits. A 50 g 
quantity of dry needles was ashed using 
controlled ignition at 475 °C for 24 hours. 
A 0.25 g quantity of the needle ash was 
then digested in HNO
3
 and analyzed 
using the same ICP-MS/ICP-AES meth-
ods. Weights of samples before and after 
ashing were recorded, and all results 
were reported as concentrations in ash.
Analyses were conducted at Acme Labo-
ratories in Vancouver, British Columbia. 
The same suite of elements was selected 
in both twig and needle samples. It con-
sisted of K, Na, Ca, Mg, Fe, aluminum 
(Al), Mn, chromium (Cr), titanium (Ti), 
S, P, barium (Ba), Mo, Cu, lead (Pb), Zn, 
cadmium (Cd), nickel (Ni), cobalt (Co), 
selenium (Se), arsenic (As), Sr, zirconium 
(Zr), gold (Au), silver (Ag), palladium 
(Pd), platinum (Pt), lithium (Li), beryl-
lium (Be), B, vanadium (V), gallium (Ga), 
germanium (Ge), rubidium (Rb), indium 
(In), tin (Sn), rhenium (Re), antimony 
(Sb), tellurium (Te), cesium (Cs), haf-
nium (Hf), tungsten (W), mercury (Hg), 
thallium (Tl), bismuth (Bi), thorium (Th), 
U, Nb, Ta, Sc, Y, La, Ce, praseodymium 
(Pr), neodymium (Nd), samarium (Sm), 
europium (Eu), Gd, Tb, dysprosium (Dy), 
holmium (Ho), erbium (Er), thulium 
(Tm), ytterbium (Yb), and Lu.
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Figure 2 Geology of the Upper Fir carbonatite and sample locations, modified from Simandl et al. (2011). Samples BR-15 
and BR-16 overlie the Upper Fir carbonatite. Samples BR-20 and BR-21 overlie fenite.
RESULTS
Spruce twigs contained consistently 
detectable concentrations of K, Na, Ca, 
Mg, Fe, Mn, Cr, Ti, S, P, Ba, Mo, Cu, Pb, 
Zn, Cd, Sr, Ni, Co, Se, Zr, As, Au, Ag, Li, 
B, Hg, Cs, Rb, Th, Nb, Y, La, Ce, and Nd. 
More than half of the samples had Sb, Al, 
Tl, and Hf in concentrations above the 
detection limit. Apparently, not enough 
sample mass from the Fir twigs was 
present after milling to allow for stan-
dard ICP-MS/ICP-AES analysis.
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Figure 3 Photographs showing (a) a bulk sample pit at the Upper Fir carbonatite, looking east; 
(b) intensely weathered carbonatite (reddish brown material) and freshly excavated carbonatite 
blocks (white and beige); (c) drill core consisting of biotite (Bt)-feldspar (Fsp)-quartz [± garnet 
(Grt) ± kyanite (Ky)] para-gneiss (pencil for scale); (d) carbonatite drill core containing pyrochlore 
(Pcl), columbite-Fe (Fc), apatite (Ap), and richterite [Na-amphibole (Na-Am)]; (e) drill core of 
columbite-Fe (Fc) bearing calcite carbonatite (Cc); (f) fenite drill core consisting mainly of amphi-
bole (Am) and biotite (Bt).
After ashing, Spruce needles contained 
consistently detectable concentrations 
of K, Na, Ca, Mg, Fe, Al, Mn, Cr, Ti, S, P, 
Ba, Mo, Cu, Pb, Zn, Cd, Ni, Co, Se, Zr, 
Au, Ag, Li, B, Rb, Cs, Nb, Y, Ce, Nd, and 
Sm. More than half of the ashed samples 
contained Te, Gd, Th, Yb, Sb, and Dy in 
concentrations above the lower limit of 
detection. Ashed Fir needles contained 
K, Na, Ca, Mg, Fe, Al, Mn, Cr, Ti, S, P, Ba, 
Mo, Cu, Pb, Zn, Cd, Ni, Co, Se, As, Sr, Au, 
Ag, B, V, Ga, Rb, Sn, Sb, Te, Cs, Th, Nb, 
Sc, Tl, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, and 
Yb in concentrations consistently above 
the lower limit of detection. Samples of 
needles frequently contained more than 
10,000 ppm of Mn and more than 10% K 
after ashing.
The LREE were found to be more con-
centrated than the HREE in both twigs 
and needles. The HREE tended to be 
concentrated much more in needle ash 
than in dry twigs. Niobium concentra-
tions were above the detection limit 
in all samples in all sampling media. 
Tantalum was below the lower limit 
of detection in all needle samples and 
was detectable in less than half of twig 
samples. The potential pathfinder ele-
ments essential for tree growth (Fe, P, 
Ca, and Mg) were found well above the 
lower limit of detection in all samples, as 
expected.
Of the 24 potential pathfinder elements, 
20 had concentrations above the detec-
tion limit in at least one of the sampling 
media (Table 1). Only 11 elements (La, 
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Figure 4 White Spruce branch, Blue 
River area.
Figure 5 Subalpine Fir branch, Blue 
River area.
Ce, Pr, Nd, Sm, Dy, Y, Nb, Ta, Fe, and P) 
showed a clear contrast between the 
samples of twigs and needles growing 
over carbonatite or fenite relative to 
those growing over barren schists and 
gneisses (highlighted in orange in Table 
1). Zirconium was classified as a poten-
tial indicator only in twigs because the 
highest Zr concentrations in needles 
did not coincide with mineralization. 
Tantalum was present in detectable 
concentrations only in the twigs of trees 
growing directly over the carbonatite.
DISCUSSION
Suitability of the Sampling Media
This study shows that under identical 
conditions, needles of White Spruce and 
Subalpine Fir species have similar pat-
terns of trace element uptake, but that 
Fir has a greater tendency to accumulate 
trace elements than does Spruce (Figure 
6). On the basis of the available data, it is 
impossible to establish a relative uptake 
factor that would permit extrapolation of 
data between species.
Because no Fir trees were located direct- 
ly over the deposit for sampling, it is 
impossible to establish the contrast in 
potential pathfinder elements in twigs 
and needles collected from Fir trees 
overlying mineralized and barren rocks. 
A comparison of selected element con-
centrations between Spruce twigs and 
needles shows that twigs have higher 
average concentrations (in dry weight) 
than needles (Figure 7), although twigs 
and needles show similar patterns. 
Therefore, data sets for both twigs and 
needles could be considered to identify 
areas of elevated pathfinder concentra-
tions. The only exception to this pattern 
is As, which appears to accumulate more 
in needles than in twigs. Coniferous 
tree species are suspected to translocate 
As from roots to needles, possibly as a 
defense mechanism against animals or 
to avoid As-related toxicity (Haug 2002; 
Dunn 2007). 
Correlations
The degree of linear correlation between 
individual elements can be estimated 
with the help of correlation coefficients 
(R). The correlation coefficient is defined 
by the following formula:
indicates a perfect positive linear cor-
relation, whereas a value of −1 indicates 
a perfect negative linear correlation. 
If R equals zero, no linear correlation 
exists between two variables under con-
sideration. By choosing x and y as con-
centrations of two elements selected for 
analysis, the strength of the correlation 
between these two elements in the same 
sampling media can be determined. In 
general, if R > 0.5 or if R < −0.5, the cor-
relation is considered significant, and 
if R > 0.8 or if R < −0.8, the correlation is 
considered strongly significant.
A number of elemental pairs in White 
Spruce twigs (Table 2) show significant 
positive correlations. Niobium, La, Ce, 
Pr, Nd, Sm, and Y strongly correlate 
with Fe and, to a lesser degree, with Zr. 
Tantalum correlates with P (R = 0.72), 
Fe (R = 0.61), Zr (R = 0.73), La (R = 0.67), 
and Ce (R = 0.65). Statistical correlations 
between concentrations of the same 
elements in needles produce similar 
results.
Pathfinder Elements
During the study, we identified path-
finder elements based on two criteria. 
First, there should be a significant con-
trast in concentration between samples 
overlying carbonatite and fenite and 
samples overlying gneiss and schist. 
Second, concentrations in twigs and 
needles need to be consistently above 
the detection limits.1
The concentrations of REE for Spruce 
twigs, Spruce needles, and Fir needles 
are shown in Figure 8. Elements with 
even atomic numbers tend to have 
higher concentrations than elements 
with odd atomic numbers, in accor-
dance with a known tendency in the 
lithosphere (the Oddo-Harkins rule).
Several pathfinder elements (e.g., Ce, 
Nd, Nb, Ta, Fe, and P; Figure 9) are pres-
ent in higher concentrations in twigs 
and needles from samples overlying car-
bonatite and fenite than from samples 
overlying country rock. For example, 
1The lower limit of detection for ash analysis has been reduced by half since this survey was conducted (Bureau Veritas Minerals 2015). Because 
of this advancement, some of the elements we rejected in 2012 may now have become suitable pathfinders.
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Figure 6 Bar graph showing the comparison between White Spruce and Subalpine Fir needle 
samples (ash normalized to dry weight). The top graph shows sample BR-32(/A), and the bot-
tom graph shows sample BR-33(/A). Pairs of adjacent White Spruce and Subalpine Fir trees 
used for comparison grew less than 10 ft (3 m) apart and had comparable heights (for location 
see Figure 2). All concentrations in parts per million.
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Figure 8 Quartile (“box and whiskers”) plot showing the differences in REE concentrations between (a) Spruce twigs (dry), 
(b) Spruce needles (ash normalized to dry weight), and (c) Fir needles (ash normalized to dry weight). Note that the vertical 
scale in panel (a) is 10× those in panels (b) and (c).
Ce and Nd are present in elevated con-
centrations over the carbonatite and 
fenite zones (Figure 9b,c) relative to the 
concentrations in amphibolites and 
gneisses. Other LREE, with the excep-
tion of Eu, follow the same pattern.
Yttrium concentrations are above the 
detection limits in all samples and show 
a strong contrast between areas overly-
ing mineralization and areas overlying 
barren rock in both twigs and needles. 
Yttrium shows excellent potential as 
a pathfinder element. Dysprosium is 
the only HREE other than Y that shows 
potential as a pathfinder in this study. In 
needles (ash normalized to dry value), 
Dy concentrations are most elevated 
over the carbonatite and fenite zones. 
Dysprosium concentrations are sig-
nificantly higher than the lower limit of 
detection in most needle ash samples.
Niobium is present at the highest con-
centrations over carbonatite and fenite. 
Samples BR-15 and BR-16 do not show as 
much contrast as do samples BR-20 and 
BR-21 in twigs (Figure 9d). A comparable 
contrast in Nb concentrations is found 
in twigs and in needles (Figure 10).
Tantalum concentrations are highest in 
samples overlying carbonatite or fenite 
(see Figure 9e). Although Ta values can 
be unreliable in biogeochemical pros-
pecting (Dunn 2007), the agreement 
with other pathfinder elements regard-
ing the elevated Ta values in samples 
BR-15 and BR-16 suggests they are min-
eralization related and not analytical 
errors.
Iron is an essential element for plant 
growth (making it readily available in 
most plant tissues) and is present at 
elevated levels over areas of mineraliza-
tion (Figure 9e). In biogeochemistry, Fe 
has multielement associations with Al, 
Hf, Hg, Na, REE, Sc, Ti, and sometimes 
Co, Cs, Ni, Pb, Th, and U, depending on 
the chemistry of the soil (Dunn 1995). 
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Figure 10 Distribution of Nb and Ce concentrations in Spruce needle ash 
and Spruce twigs is in close agreement. In many carbonatite complexes, Nb 
is present in higher concentrations in fenites than in carbonatites themselves. 
Samples are ordered from north to south (see Figure 2).
All twig and needle samples contain Fe 
concentrations higher than the lower 
limit of detection. The commodities of 
greatest economic interest in carbon-
atites, Nb (±Ta) and LREE, all have rela-
tively strong correlations with Fe (Table 
2). Iron should be considered a possible 
pathfinder for carbonatites in biogeo-
chemical surveys.
Phosphorus is present in apatite, which 
is a common mineral in carbonatites 
and related deposits. As a primary nutri-
ent essential to plant life, it is present 
in concentrations well above the lower 
limit of detection in all samples. Phos-
phorus is present in the highest con-
centrations (BR-13 to BR-18) in samples 
overlying or adjacent to carbonatite 
(Figure 9g). Samples overlying fenite 
(BR-20 and BR-21) contain elevated 
concentrations of Ce, Nd, Nb, Ta, and 
Fe; however, they do not contain P con-
centrations significantly higher than 
samples overlying gneiss or schist.
Expected pathfinder elements that, 
based on our data, cannot be used for 
carbonatite-related exploration using 
Spruce and Fir as sampling media in 
the Blue River District are Eu, Gd, Tb, 
Er, Tm, Yb, Lu, Sc, Ca, Mg, and Sr. These 
elements are present in concentrations 
near or below the lower limit of detec-
tion (Eu, Tb, Er, Tm, Yb, Lu), or they do 
not appear in substantially higher or 
lower concentrations over the carbon-
atite relative to the country rock (Gd, Sc, 
Ca, Mg, Sr).
Nearly 2 years elapsed between bulk 
sampling and our orientation survey, 
and because we sampled only young 
(5 to 10 cm) tips of branches, it is 
unlikely that our samples were sub-
ject to aerial contamination related 
directly to mining of bulk samples. No 
elevated concentrations of Ca and Mg 
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are apparent in samples near test pits, 
suggesting that the needles or twigs 
were not covered by carbonatite dust. 
Chondrite-normalized REE patterns 
obtained by analyses of Upper Fir car-
bonatite rocks are comparable with 
those of typical carbonatites and do not 
show the Eu anomalies displayed by 
needles (Figure 11a,b). Therefore, the 
high LREE content of needles is not a 
result of direct aerial contamination by 
carbonatite dust during bulk sample 
excavation. However, it is possible that 
the dust could have fallen to the soil, 
washed downslope, and been incorpo-
Figure 11 Chondrite-normalized REE plots. (a) Absence of negative Eu 
anomaly in Upper Fir carbonatite rocks. (b) Presence of negative Eu anom-
aly in Spruce needle ash overlying Upper Fir carbonatite (red diamonds; 
BR-15 and BR-16), fenite (blue squares; BR-20 and BR-21), and metasedi-
ments (green circles; BR-13 and BR-17). Dotted lines represent projections 
where Eu concentrations were below the lower limit of detection. (c) Soils 
overlying carbonatites (red) contain higher concentrations of REE than 
those overlying schists and gneiss (blue). All soil samples are characterized 
by negative Eu anomalies. Analysis of soil from Dahrouge and Wolbaum 
(2004). Chondrite normalization according to McDonough and Sun (1995).
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rated into the new growth. In addition, 
comparison of chondrite-normalized 
REE patterns in the soil collected by 
Dahrouge and Wolbaum (2004) prior to 
bulk sample excavation relative to those 
in needles collected after excavation 
(Figure 11b,c) does not preclude contam-
ination of needles by soil-derived dust 
(both patterns show negative Eu anoma-
lies). Before the conclusions of this 
study are applied indiscriminately, we 
recommend following up with at least 
one other orientation survey over car-
bonatites within the British Columbia 
alkaline province. This survey should 
consist of a minimum of 40 biomass and 
soil samples over a deposit undisturbed 
by exploration activity but where good 
geological control is available.
Effects of Ashing
Ashing biomass prior to analysis 
increases trace element concentrations 
to detectable levels. In this study, only 
needles were ashed; however, if twigs 
were ashed as well, some HREE and Eu 
might have been detected, qualifying 
them as potential pathfinders. Ana-
lytical costs per sample of both ana-
lytical approaches are comparable (e.g., 
Bureau Veritas Minerals 2015). Although 
some elements are known to volatilize 
during the ashing procedure (Kovalev-
sky 1987), the REE Nb, Ta, Sc, Sr, and Zr 
are all expected to remain in the ash and 
be concentrated. On the basis of ashing 
factors obtained during this orientation 
survey, at least 35 g of dried needles is 
required to create 1 g of ashed sample.
Figure 12 Distribution of Nb and Ce concentrations in Spruce needle ash and 
Spruce needles corrected to dry weight are in close agreement. This shows 
that exploration geochemists can base contouring and interpretation of path-
finder element concentrations in ash without worrying about ashing factors. 
Samples are ordered from north to south (see Figure 2).
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During this study, all the needles were 
ashed to concentrate trace elements, 
and the ash was analyzed. Because 
this is an orientation survey, for com-
parison purposes, we were interested 
in knowing concentrations of elements 
in dry biomass rather than in ash. 
This involved ashing factors obtained 
by weighing samples prior to and 
after ashing. Strong correlations exist 
between the two data sets because of 
low variability in the ashing factors. Cor-
relation coefficients (R) between needle 
ash and recalculated concentrations in 
dry needles are higher than 0.90, with 
the exception of P (0.88) and Mg (0.74). 
Comparison of pathfinder element 
concentrations in Spruce needle ash 
and recalculated concentrations in dry 
needles (Figure 12) further supports this 
finding. It is recommended that inter-
pretation be based on the concentra-
tions of pathfinder elements in ash.
CONCLUSIONS
Results of this orientation survey sug-
gest that La, Ce, Pr, Nd, Sm, Dy, Fe, Nb, 
Ta, P, and Y are the most promising 
pathfinder elements (sensu lato) when 
sampling Fir and Spruce in future bio-
geochemical orientation surveys for 
carbonatites and carbonatite-associated 
mineral deposits. Concentrations of 
Ta and HREE (with the exception of Dy 
and Y) are near or below the lower limit 
of detection in Spruce twigs (without 
ashing), and all samples in which Ta 
was detected in concentrations higher 
than 0.002 ppm are spatially related to 
fenitization or possibly transloading 
of Ta-bearing carbonatite. Ashing twig 
samples will concentrate most trace ele-
ments to concentrations well above the 
lower limit of detection.
Both twigs and needles of the Spruce 
tree show sufficient contrast in these 
pathfinder elements between samples 
overlying mineralization and those 
overlying barren rock to be considered 
suitable sampling media.
Concentrations of major and trace 
elements in needles follow the same 
trends as twigs (e.g., Figure 10), with the 
exception of As. No Fir trees were found 
growing over the carbonatite or fenite. 
Therefore, tissues from Fir trees have 
not been shown conclusively to be suit-
able sampling media. Fir needles show 
excellent promise because they are more 
likely than Spruce to contain concentra-
tions above the detection limits for the 
analytical techniques used in this study. 
On the basis of ashing factors, the size of 
the Spruce and Fir samples collected in 
the field should at least be tripled. 
In summary, twigs appear to be more 
suitable as a sampling medium than 
needles because they show consistently 
higher concentrations of the pathfinder 
trace elements. A difficulty encountered 
in the Upper Fir area, which is expected 
to be common to other areas in the Cor-
dillera, are vegetation changes related 
to abrupt changes in elevation. This ori-
entation survey represents an excellent 
starting point; at least one additional 
orientation survey over carbonatite is 
required to confirm our findings and 
optimize the technique. Soil analysis 
would probably provide comparable 
results.
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Underground Extraction of Aggregates
John Cowley*
Mineral & Resource Planning Associates Ltd, Blanford Forum, Dorset, United Kingdom
For every complex problem, there is a solution that is simple, neat, and wrong.
 —H.L. Mencken, “The Divine Afflatus,” New York
 Evening Mail (November 16, 1917)
ABSTRACT
The underground extraction of aggre-
gates seems to offer substantial advan-
tages in terms of sustainable develop-
ment. Conceptually, it dramatically 
minimizes surface impacts on the 
landscape, habitats, and adjacent land 
uses and increases the resource base by 
turning nonresources, attributable to 
depth of overburden or limiting surface 
land uses, into resources. Spurred on by 
those conceptual advantages, a number 
of countries (including the United 
Kingdom) have, over the last 40 years, 
considered underground extraction as a 
simple and neat solution to the pressing 
need for aggregates in the future. How-
ever, underground extraction of aggre-
gates is a feature of the U.S. Midwest that 
it is apparently absent elsewhere in the 
world.
In 1976, a UK government-sponsored 
committee charged with trying to 
resolve the aggregate shortfall, par-
ticularly in the South East of England 
around London, saw underground 
extraction as a possible solution. Ever 
since then, the prospect of underground 
extraction in the South East has been 
seen by some planners and bureaucrats 
as an ideal solution to resolve the aggre-
gate supply problem. The only perceived 
problem has been the extra cost. Little 
consideration has been given to other 
significant—if not show-stopping—fac-
tors.
Unfortunately, suitable mineral 
resources cannot be manipulated or 
moved to where we want them to be. 
An in-depth analysis of the barriers to 
underground extraction in England 
has identified a number of factors as 
effectively removing the prospects for 
underground extraction in the South 
East of England, but not elsewhere. This 
paper describes the problem and the 
opportunity.
BACKGROUND
In the United Kingdom, issues relat-
ing to resource use are becoming more 
challenging. The concerns about global 
warming, protection of ecosystems, 
improving environmental quality, and 
so forth are squeezing resource choices, 
yet at the same time putting pressure 
on resources, including new resources 
or new sources of resources. Nowhere is 
this more difficult than with minerals. 
We can increase water resources near 
the point of demand, and we can—and 
history demonstrates this clearly—do 
the same with food resources, timber 
resources, and soil resources. We can 
also easily increase habitat and ecosys-
tem resources.
The mineral challenge is made more dif-
ficult as we enter into the exploitation 
of new resources, such as shale gas, or 
renewed resources, such as critical or 
base metals. This is not an exclusively 
UK problem: much of the western world 
is trying to balance the continuing 
demand of its citizens for a high-quality 
personal environment, in terms of both 
economics and amenities, with the con-
tradictory requirement of a resistance 
to the provision of mineral resources to 
enable that high-quality personal envi-
ronment to be attained. The weakness 
in that process is the almost total dis-
regard for where those resources come 
from, although because they mostly 
come from a container delivered out of 
the blue, so to speak, in a large ship, we 
have, as a society, indirectly become 
worshipers of a new cargo cult.
The current focus of attention of politi-
cians and the public is on strategic or 
critical mineral resources. But there 
is a continuing and substantial prob-
lem in the supply of aggregates for 
construction. Unfortunately, although 
the demand for aggregate minerals is 
clearly focused on centers of economic 
activity and infrastructure works, the 
adage that “minerals can only be worked 
where they occur” often means that 
aggregate resources are not where the 
consumer wants them. Doubly unfortu-
nate is the fact that valuable aggregate 
minerals often underlie areas valued for 
other purposes, such as habitats, land-
scapes, sites of historic interest, or water 
resources.
Complicating this typical picture in 
the United Kingdom is the split of the 
country east–west along a line running 
roughly from the River Exe in South 
West England to the River Tees in North 
East England, which divides the country 
into an aggregate-poor area to the South 
East (mainly terrace sand and gravel 
with limited rock and deep sands) and 
*E-mail: jcmarpa@aol.com.
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an aggregate-rich area to the North West 
(an abundance of hard rock with sand). 
However, the aggregate-poor area to the 
South East centered on London is where 
the demand for aggregate, particularly 
concrete aggregate, is high. Ergo, the 
conflict among aggregate provision, 
other valued land, and the public is 
most severe in this area, although this 
conflict is also apparent elsewhere in the 
country.
The extent to which the South East of 
England could maintain production 
without leading to major land-use 
conflicts was initially raised as a ques-
tion in a survey undertaken in the late 
1940s, but this land-use conflict became 
more pressing in the early 1970s fol-
lowing substantial increases in annual 
consumption. Various options were put 
forward to reduce the conflict. Briefly, 
and very simply, the first option was to 
increase supply from marine-dredged 
sand and gravel. That has taken place to 
a degree, but there is no environmental 
“free lunch,” and this activity has some 
very strong limitations. Indeed, the 
Welsh Assembly Government now has a 
policy objective of reducing, where pos-
sible, marine dredging to reduce con-
cerns about coastal erosion and harm to 
fisheries and wetlands.
The second option was to increase 
imports of crushed rock by developing 
large rail-linked quarries outside the 
South East and the associated rail infra-
structure. Again, that happened, but 
again, it had environmental limitations. 
Subsequent options included developing 
coastal superquarries serving the South 
East by ship, encouraging imports, 
developing recycling, developing “new” 
aggregates, and the bizarre concept of 
reducing demand by substituting steel, 
plastic, and wood for aggregates in 
construction, based on the concept that 
these materials were more sustainable. 
One could write a whole series of papers 
on this.
However, because of concerns about 
the supply of aggregate, the govern-
ment sponsored a committee, known as 
the Verney Committee after the chair-
man, Sir Ralph Verney, to undertake a 
review of the position. They published 
their findings in 1975 in a report titled 
Aggregates: The Way Ahead (Depart-
ment of the Environment 1975). Without 
going into detail about the deliberations 
and conclusions of the committee on a 
number of aggregate issues, one conclu-
sion of the committee was that under-
ground mining of aggregates seemed 
to have possibilities for the country in 
general.
Like sensible people, the committee had 
decided to look at what the aggregate 
industry was doing in other countries to 
see if some techniques could be trans-
lated into the United Kingdom. In that, 
they chose the scale of underground 
mining in the United States, noted its 
resource potential and environmental 
advantages, took account of the after-
use potential of the void, and concluded 
that underground extraction of aggre-
gates in the United Kingdom had poten-
tial and should be investigated. Similar 
to many committee recommendations, 
there it rested. However, the concept has 
resurfaced from time to time over the 
last 40 years.
The recent reawakening of interest in 
underground aggregate extraction fol-
lows various studies on the impact of 
existing national policies for aggregate 
supply, which considered, inter alia, the 
limitations and opportunities of marine-
dredged sand and gravel; imports by sea 
from Norway and elsewhere; extraction 
from within protected areas; the supply 
of recycled aggregates; and the decline 
of reserves in the South East. In pass-
ing, a number of those studies briefly 
touched on the Verney recommenda-
tions and concluded that underground 
mining might not be merely an environ-
mentally desirable route, but also one 
that would be economically essential.
In response, research was undertaken in 
2009 into the economics of underground 
mining, but specifically in relation to 
accessing hard rock deep underground 
in the South East. Most of these targets 
were at or below 500 meters (1,640 feet) 
from the surface, and a number were 
at much greater depth. The target hori-
zons were limestones, sandstones, and 
volcanics, which were of the same strati-
graphic age as those being worked at 
open-pit quarries elsewhere in the coun-
try but which, in the South East, were 
cloaked by younger and weaker rocks.
That research (Underground Mining 
of Aggregates, Brown 2010) suggested 
that, in certain preset conditions and 
assumptions, aggregate delivered from 
a mine to the Greater London area was 
only marginally more expensive—£13.93 
compared with £10.95 per tonne (which, 
at more than 25% higher, really is not 
a marginal difference)—than that 
delivered by rail from a current supply-
ing quarry. It was concluded that such 
mines might be able to compete for a 
share of the overall market in the South 
East.
It was perhaps unfortunate that the 2009 
research was focused on deep-under-
ground mining within the South East. 
We have indications that there are target 
areas with rocks of the same strati-
graphic age as those worked elsewhere 
at depth in the South East, and we have 
limited borehole information to confirm 
that. However, much of that informa-
tion was from boreholes related to coal 
exploration or for stratigraphic cor-
relation purposes. Useful information 
on the quality or the lithologies of the 
rock was limited. We know from surface 
operations in the target horizons that 
they are affected by a number of geologi-
cal and geotechnical conditions, which, 
although mainly only a nuisance and a 
minor cost in a surface working, would 
effectively preclude mining. Therefore, 
what we do not have, for the vast major-
ity of the target areas, is demonstrable 
proof that these targets actually contain 
deposits of suitable quality for use as 
aggregate, or are extensive enough to 
form a commercial resource, or are 
found in a condition that would enable 
their underground extraction.
The problem was that the primary driver 
for that research was to find a simple 
solution to aggregate supply for the 
South East within the South East, with 
all the attendant apparent sustainable 
gains. However, it seems clear that this 
type of deep underground operation in 
the South East remains uneconomic. 
This view is reinforced by the preset 
assumptions in that research, which 
ignored competition from other mate-
rials and relied on an unrealistically 
low cost of land purchase and a high 
commercial value of the created space. 
Indeed, the whole viability of the activity 
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was predicated on the commercial value 
of the created void and the surface plant 
site, and the research conclusions did 
not address the question of long-term 
aggregate supply. In effect, aggregate 
extraction was just a construction activ-
ity to create commercial land and voids.
THE CURRENT RESEARCH
However, if we were to look outside the 
South East, the picture might be dif-
ferent. Although the 2009 research was 
focused on deep mining in the South 
East, it also noted that underground 
mining at more shallow depths from 
existing surface quarries should be 
investigated. Further, although the 
aggregate industry generally sees deep 
mining as a very long term option, if 
ever, and as not yet something that 
national or local policy should address, 
it is clear that in certain locations, the 
resource is so physically constrained, or 
is of such a physical shape, that surface 
working will become nonviable soon. 
As such, if near-surface underground 
extraction does not begin, then produc-
tion will stop at a number of units. This 
is particularly true of a number of quar-
ries currently producing large tonnages 
annually, or specialized surfacing stone, 
and linked by rail to distant markets. 
The operators realize that situation, and 
a number are seriously thinking about 
an underground operation sometime in 
the next 20 years.
The current research looks beyond 
applications only in the South East of the 
country and is centered on identifying 
what barriers to underground extrac-
tion exist, why those barriers exist and 
how they can be removed or mitigated, 
if they can, and whether it is desirable to 
do so. The research began from the con-
cept that underground mining appeared 
to have substantial advantages, as wit-
nessed by activity in the United States, 
and by support of the concept after 
Verney by academic papers and papers 
from various countries promoting the 
advantages of underground extraction. 
Many of the more recent papers appear 
to indicate that underground extraction 
is starting (or perhaps it might be more 
accurate to say will start) in a number 
of countries around the world, with 
concomitant land-use and commercial 
benefits, and that it is simply the initial 
economic issues that are preventing the 
development.
The current research has therefore 
sought to identify—contrary to the U.S. 
experience and the perceived clear 
assumptions as to the advantages of 
underground extraction—why under-
ground extraction is not happening in 
the United Kingdom, where the per-
ceived advantages appear to be greater. 
Conceptually, the advantages do appear 
very significant, and the economic and 
environmental arguments support-
ing underground mining in a country 
with limited land space, a high popula-
tion density, and a large percentage of 
“protected” land would appear to be 
conclusive. Therefore, the puzzle is why 
underground mining has not yet begun. 
Is it just the economic considerations?
It has become clear that a number of 
factors bear on the simple economic 
model used in previous research, and, 
in the UK context at least, they signifi-
cantly affect underground prospects. 
It is also clear that the assumptions 
implicit in Verney of the transferability 
of the U.S. experience directly into the 
United Kingdom were false or at least 
misguided. Finally, despite the actions 
of underground boosters in promoting 
underground extraction as a means of 
solving both aggregate supply and the 
provision of space for other, sometimes 
less desirable, land uses, we have not 
been able to identify any significant 
underground aggregate extraction 
operations (or subsequent substantial 
underground space uses) elsewhere in 
the world other than in the U.S. Midwest 
(and one in New York State), although 
some small (in a quarrying sense, equiv-
alent to, say, a year’s production from a 
quarry) quantities of both adventitious 
aggregate supply and space use occur 
via drainage schemes, pumped storage 
schemes, and so forth.
We have found only one underground 
aggregate operation outside the United 
States. That operation is located in Ban-
gladesh and is working an igneous rock 
to supply aggregate in a country almost 
without any hard-surface aggregate 
resources. However, the circumstances 
behind that development and the eco-
nomic environment appear to be non-
commercial.
That is not to say that the potential 
of underground aggregate is not rec-
ognized elsewhere. Indeed, many 
countries have specifically identified 
the broad advantages of underground 
mining in numerous studies. Those 
studies confirm the multi-use option 
and the protection of the surface but 
generally conclude that, because of cost 
differentials, this is not the right time 
to promote underground aggregate. A 
common theme running through the 
last few decades is that underground 
mining is for the future and “not yet,” 
but it is also a common theme that the 
“not yet” is always for the future and 
may remain out of our grasp.
WHAT BARRIERS?
There is no denying the significance 
of economics and the disparity of the 
delivered price as being an effective bar-
rier. However, other barriers—most of 
which have an element of, or are affected 
by, economics in its generic sense—
can also be significant. An interesting 
proposition flowing from the research 
is that the question is not “Why doesn’t 
underground extraction of aggregate 
take place in the United Kingdom?” but 
rather “Why does underground extrac-
tion take place in parts of the United 
States?” Answering that latter question 
may indicate prospects in the United 
Kingdom or explain why underground 
extraction will more probably be of lim-
ited significance to the United Kingdom.  
The Land-Use Planning System
One point that surfaced early on was 
that the current physical, economic, and 
social circumstances that drive under-
ground mining in the United States, 
which, it appears, is almost wholly 
restricted to the Midwest, may not be 
replicated elsewhere, particularly in the 
United Kingdom. Counterintuitively, it 
may be the very restricted availability 
of land, and its high price, in the United 
Kingdom that has inhibited under-
ground mining, whereas low relative 
land values in the United States have 
encouraged the underground option. 
Couple this with the strict prevention 
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of sprawl by the UK planning system, 
including the use of greenbelts around 
conurbations (where mineral extrac-
tion can take place), the very strong 
presumption against development in the 
open countryside (again where mineral 
extraction can take place), and that the 
underlying concept of land-use plan-
ning in the United Kingdom is that the 
legislation takes away the rights of an 
individual to use his or her land as the 
legislation wishes (a situation that is 
counter to the Constitution in the United 
States), and then the more we look at the 
issue, the more it can be seen that the 
land-use and planning process is forc-
ing underground mining in the United 
States but inhibiting its adoption in the 
United Kingdom. That is quite an Alice 
in Wonderland concept and contrary to 
the commonsense view.
Barrier 1: The Managed Aggre-
gate Supply System
For more than 40 years, the United 
Kingdom has operated, in a typically 
English compromise manner, a process 
of managing the release of aggregate 
resources to meet demand but in a 
manner that controls impacts. This is 
now known as the Managed Aggregate 
Supply System (MASS). This system 
did not arise overnight, but gradually 
developed in response to various forces 
and concerns as to both inadequacies of 
supply at some times and oversupply at 
others. The concept relies on a top-down 
assessment of need being managed by 
a bottom-up provision of supply. This 
thereby has enabled national economic 
policy to be reflected in local decisions 
that take into account local concerns. 
The objective is to ensure that reserves 
in permitted workings are adequate to 
meet needs. It is neither a proscriptive 
national objective nor a process deter-
mined by local parochial decisions. 
Of course, nothing is perfect, and one 
of the most fascinating aspects is how 
national policy is often out of step with 
actual requirements because of the lag 
in determining what we need at the 
national level by reference to past sales.
The Managed Aggregate Supply System 
has generally served society well to 
date, probably because of the legacy 
of large reserves built up in the 1950s 
to 1970s. But within that framework, it 
has become almost impossible to move 
out of a rigid application of local areas 
maintaining their historical supply. 
As resources become scarce in some 
locations (by being physically worked 
out), it has proved almost impossible to 
achieve a policy redistribution of supply 
from other more resource-rich areas. In 
default, de facto redistribution occurs 
by individual producers, exploiting the 
shortfall, by increasing sales into the 
shortfall areas.
However, MASS is therefore inherently 
inflexible when dealing with a substan-
tial greenfield development, such as a 
new mine, or in dealing with the needs 
of individual concerns, such as small 
and medium enterprises (SMEs) seek-
ing permission to mine underground 
from an existing quarry. Large corpora-
tions can hold onto “reserves” (which 
may be unworkable in reality, or which 
they have no intention of working) and 
“reserves” may be held in sites with 
development or ownership problems 
(as an aside, planning permission in 
the United Kingdom lies with the land, 
not with a developer). Reserves may 
therefore be locked up and a prospective 
developer locked out. And because it is a 
principle of the UK planning system that 
land is managed “in the public inter-
est,” private needs of SMEs are basically 
irrelevant, unless they equate to public 
needs. In this respect, MASS may well 
be anticompetitive, a barrier to new 
entrants to the aggregate industry and 
hence a barrier to the development of 
underground extraction. It is perhaps 
not surprising that the operation of the 
planning system, and inter alia MASS, is 
part of the concerns of a current investi-
gation by government into competition 
in the aggregate industry.
Barrier 2: A Diversity 
of Resources
Although the disparity of resources 
between the east and west of the country 
is a real issue with cost and transport 
implications, the country is blessed 
with a variety of, and an abundance of, 
aggregate resources, including excellent 
concreting aggregate and high-quality 
surfacing material. In addition, the 
island nature provides many opportuni-
ties for cheap imports by sea and sup-
plies from the seabed. Last, an effective 
recycling industry and the processing 
of other mineral wastes provide further 
additional supply. This diversity appears 
to work against underground mining 
because ultimately, some alternative 
resource is always going to undercut the 
cost of underground aggregate, except 
perhaps in very local circumstances. 
The risk of exposure to competition is 
therefore very high and hardly condu-
cive to the greater investment risk of 
underground mining, particularly if that 
involves a major greenfield operation.
Barrier 3: Mineral Ownership
A surface aggregate working can maxi-
mize all the mineral potential of a tract 
of land, but to recover the same quantity 
of aggregate from an underground mine 
might require an area very much larger. 
With the exception of certain energy 
minerals and precious metals owned 
by the Crown (the State), all miner-
als, including underground aggregate 
resources, are owned privately.  No 
national or local Mines Department 
manages by licensing the development 
of non-Crown minerals, and although 
the planning process can be said to do 
that, its concern is primarily with land-
use principles and not mineral interests. 
The history of land transfers over the last 
few hundred years has created in the 
United Kingdom a very complex owner-
ship position of both the surface and 
minerals (and underlying rocks that are 
of no economic value and are therefore 
just “stuff”), and much of the mineral 
ownership is held unregistered such that 
no one can find out who actually owns 
the mineral rights, other than asking 
around. Gaining access rights for sur-
face working is difficult enough. Gaining 
access rights to a larger area to under-
take underground mining will probably 
be exponentially more complex, with a 
high risk of exposure of purpose (lead-
ing to price hikes) or even the purchase 
of “ransom” strips to frustrate the whole 
scheme. The difficulties in this arena 
could clearly exclude the development of 
any significant underground operations. 
How we resolve this, if we can, remains 
unclear at present.
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Barrier 4: Knowledge  
and Uncertainty
It may be an apocryphal statement, but 
it has been said that all the coal mines 
in the United Kingdom closed because 
of geological problems. In other words, 
the knowledge of the geology of the 
deposit was uncertain, and because 
it will always be uncertain, geologi-
cal problems will eventually lead to a 
mine closing before its calculated life. 
As with ownership, the impact of geo-
logical problems and uncertainties 
will be exponentially more significant 
underground than for a surface opera-
tion. Proceeding slowly in an incre-
mental manner from an existing sur-
face quarry into the underground will 
enable a better degree of control, but 
that becomes more difficult to justify if 
production rates are to be maintained, 
leading to a greater risk of production 
failure. With competitors waiting to fill 
your production gap but costs continu-
ing, is this a risk not worth pursuing?
But this issue of geological uncertainty 
becomes an even greater risk and bar-
rier in the context of a deep or greenfield 
operation. Unlike the Midwest, most of 
the United Kingdom is structurally com-
plex, including those areas now at depth 
below more structurally simple later 
rocks. How many boreholes do you need 
to prove not just the presence but the 
workable presence of a resource at 500 
meters (1,640 feet) depth over an area of 
3 square kilometers (1.16 square miles, 
the minimum area for an “economic” 
deposit based on a single lift)? How can 
one be sure that the roof rock for your 
mine is continuous? Have you missed 
major fracture zones? What is the extent 
of karst weathering? Is there a ground-
water issue? The list goes on and on. And 
how much is that going to cost to eluci-
date and at what level of uncertainty?
CONCLUSIONS
The situation in the United Kingdom is 
not analogous to that in the Midwest in 
relation to either the drivers or opportu-
nities for underground extraction or the 
potential ability and interest in using the 
resulting voids (indeed, the situation in 
much of the rest of the world is not anal-
ogous to that in the Midwest). Research 
that draws on the Midwest example 
is misleading. Four principal barriers 
exist to the wider use of underground 
extraction in the United Kingdom. These 
are (1) the problem of uncertainty as to 
access and workability, (2) uncertainty 
as to the quality and size of the resource, 
(3) exposure to economic challenges 
(e.g., competition, land purchase costs, 
forward liability), and (4) challenges in 
the permitting and planning systems. 
Some of these may be capable of resolu-
tion as extensions from existing opera-
tions, but it seems very unlikely that 
deep underground mining in the South 
East will be viable. The simple solution 
to the complex problem of aggregate 
supply in the South East is not simple.
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ABSTRACT
Urban sprawl around the City of Chi-
cago has increased the demand for 
construction aggregates in northeastern 
Illinois. Limited surface land available 
for quarry expansion and a cumbersome 
surface permitting process have led to 
an increase in underground limestone 
and dolomite mines in the Chicago area. 
Since 1991, the Conco Mine in North 
Aurora has been mining limestone 
and dolomite underground. Previously 
owned by Conco-Western and now 
owned by Lafarge North America, the 
Conco Mine continues to prove that 
underground aggregate mining around 
a large metropolis can be economical 
and successful. An exciting discovery 
during expansion of the Conco Mine 
was the presence of massive solution 
cavities lined with large specimen-
quality minerals, such as calcite, pyrite, 
and marcasite. The scientific impor-
tance of these minerals has been rec-
ognized, and the mining company has 
allowed the author to extract specimens. 
Research has been ongoing to interpret 
the diagenetic fluids responsible for car-
bonate diagenesis of the limestone host 
rock and the precipitation of world-class 
mineral specimens.
INTRODUCTION
In northeastern Illinois, urban sprawl 
around the City of Chicago and the con-
tinuous growth of the Chicago suburbs 
have increased the demand for lime-
stone and dolomite aggregate. With lim-
ited land surface available for expansion 
and a cumbersome surface permitting 
process, operators have begun convert-
ing quarry operations into underground 
mining operations. The Conco Mine, 
located in North Aurora, Illinois (Figure 
1), is the result of one of these conver-
sions. The operation was initially a 
surface quarry, referred to as the Aurora 
Quarry, and was owned by Conco-West-
ern Stone Company. In 1991, Conco-
Western began underground mining 
operations and named the underground 
complex the Galena-Platteville Mine. In 
2006, Lafarge North America purchased 
the mine and renamed it the Conco 
Mine.
Deeper mining into the Paleozoic bed-
rock at the Conco Mine has resulted 
in the discovery of trace amounts of 
sphalerite mineralization along with 
massive solution cavities lined with cal-
cite crystals concentrically zoned with 
pyrite and marcasite. The discovery of 
these mineral deposits has led to new 
insights into Mississippi Valley-type 
(MVT) mineralization in northeastern 
Illinois as well as the timing, composi-
tion, and potential source of diagenetic 
fluids responsible for alteration of the 
bedrock. Along with these geologic 
insights, spectacular mineral specimens 
have been preserved from the Conco 
Mine. Through the generosity of the 
mine operators, mineral specimens 
have been extracted by the author for 
scientific research and have been placed 
in museums and private collections. 
The preservation of these specimens is 
extremely important for future research, 
for understanding the geologic environ-
ment in which the third largest city in 
the United States is located, and for the 
enjoyment of generations to come.
GEOLOGIC SETTING
The Conco Mine is an underground 
room-and-pillar mine in North Aurora, 
Illinois, located along the Fox River, 
approximately 40 mi (65 km) west of 
downtown Chicago (Figure 1). The mine 
lies immediately east of the intersection 
of the Kankakee and Wisconsin Arches 
(Figure 2). The northwest-trending 
Kankakee Arch, a southeastern exten-
sion of the Wisconsin Arch, began devel-
opment at the close of the Canadian 
(Early Ordovician) time period, which 
resulted in the separation of the Michi-
gan Basin to the northeast from the 
Illinois Basin to the south (Collinson et 
al. 1988). The region is host to local fold 
and fault zones, including brittle faults 
that offset Phanerozoic sedimentary 
stratigraphic contacts and monoclinal 
folds that locally tilt the bedding (Mar-
shak and Paulsen 1996). Two dominant 
trends of fold and fault zones throughout 
the midcontinent are recognized: (1) 
east–west to northwest–southeast and 
(2) north–south to northeast–southwest. 
Regionally and locally, major fault, frac-
ture, and joint systems trend northwest–
southeast and northeast–southwest. The 
Sandwich Fault Zone coincides with the 
Kankakee Arch and follows this domi-
nant regional northwest–southeast trend 
(Figures 2 and 3). The Sandwich Fault 
Zone is approximately 84 mi (135 km) 
long and 0.6 to 1.9 mi (1 to 3 km) wide 
(Kolata and Graese 1983). On the north-
east side of the fault zone, Paleozoic 
strata dip eastward into the Michigan 
Basin. Conversely, on the southwestern 
side, the strata dip southward toward 
the Illinois Basin. The Conco Mine is 
located approximately 22 mi (35 km) 
northeast of the Sandwich Fault Zone 
just off the northern flank of the Aurora 
Syncline (Figure 3). The Aurora Syncline 
trends northeastward across southern 
Kane County (Figure 3). It is approxi-
mately 1.9 to 6.2 mi (3 to 10 km) wide and 
has a maximum relief of approximately 
98 ft (30 m; Nelson 1995). A recent mag-
netic anomaly map of Illinois compiled 
by the U.S. Geological Survey (Daniels et 
al. 2008) suggests a scissored pattern of 
magnetic strength trending northwest–
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Sources: Esri, DeLorme, NAVTEQ, USGS, Intermap, iPC, NRCAN, Esri
Japan, METI, Esri China (Hong Kong), Esri (Thailand), TomTom, 2013
N
Fox
River
I88
Figure 1 Map of the Chicagoland area and the location and an aerial photograph of the Conco 
Mine at the intersection of I-88 and the Fox River in North Aurora, Illinois. The arrow on the 
aerial photograph points to the mine’s decline.
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Figure 2 Major basins, faults, and folds in the north-central United States, and the location of the 
Conco Mine and the Upper Mississippi Valley Zinc-Lead Mining District (modified from Freiburg et 
al. 2012).
southeast. The Aurora Syncline sits in a 
magnetic low and is parallel to a mag-
netic high to the northwest and south-
east. The magnetic high to the northwest 
is followed by a magnetic low to the 
north, similar to the magnetic low of the 
Aurora Syncline (Figure 3). These mag-
netic anomalies may reflect deep crustal 
rock petrology, basement structures 
such as a horst and graben en echelon to 
the southern tip of the Sandwich Fault, 
significant deposits of iron sulfides, or 
a combination of these (Sumner 1976). 
Within the mine, small vertical faults 
with centimeter-scale offset are evident 
within fractures, along with trace slick-
ensides on horizontal clay-rich bedding 
planes. The most prominent features are 
fractures with no apparent offset inter-
secting massive solution cavities. With 
little to no vertical offset apparent on 
these fractures yet development of mas-
sive solution structures, strike-slip fault-
ing or transtensional movement might 
be suspected (W. John Nelson, personal 
communication, 2011).
The bedrock stratigraphy northeast of 
the Sandwich Fault, on the southwest 
margin of the Michigan Basin, consists 
of Precambrian igneous basement rock 
unconformably overlain by a sequence 
of Cambrian to Silurian sedimentary 
deposits composed of sandstone, lime-
stone, dolomite, and shale. Devonian 
and younger strata covered the area but 
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were eroded after Pennsylvanian times 
(Kolata et al. 1978). Quaternary-age gla-
cial drift directly overlies the Silurian 
bedrock (Figure 4) and generally ranges 
from approximately 49 to 295 ft (15 to 90 
m) thick (Kempton et al. 1985); however, 
at the mine, drift thickness is less than 
approximately 49 ft (15 m). This thick-
ness difference is occasionally the case 
Figure 3 Magnetic anomaly map of structures in northeastern Illinois (Nelson 1995; Daniels et al. 2008) and the 
location of the Conco Mine. Map courtesy of the U.S. Geological Survey.
in river valleys, where bedrock is typi-
cally exposed.
The mine is currently operating in the 
Wise Lake and Dunleith Formations of 
the Ordovician Galena Group (Figure 
4). The distribution of the Galena Group 
rocks in northern Illinois reflects the 
truncation of the southeast-projecting 
Wisconsin Arch (Willman and Kolata 
1978) and the uplift of the Kankakee 
Arch. The Galena Group comprises an 
almost continuous succession of car-
bonate rocks (dolomite and limestone) 
deposited on a platform in northeast-
ern Illinois. Rocks of the Galena Group 
in northern Illinois are dominated by 
lime mudstone and wackestone inter-
bedded with thin beds of grainstone 
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DESCRIPTION
Granite, red
Sandstone, white, coarse grained, poorly sorted
Sandstone, fine grained, glauconitic; siltstone, shale, 
  and dolomite
Sandstone, fine to medium grained, dolomitic
Sandstone, fine grained, glauconitic; green and red shale
Dolomite, fine grained, trace sand and glauconite
Dolomite, fine to medium grained, trace sand 
  and glauconite
Dolomite, fine grained
Sandstone, fine to medium grained
Dolomite, fine to coarse grained
Sandstone, poorly sorted; silty dolomite and green shale
Sandstone, white, fine to medium grained, well sorted
Dolomitic limestone, fine to medium grained
Dolomite; some limestone, fine to medium grained,
  cherty, interbedded bentonites
Dolomite, fine to medium grained, with red brown 
  shaly laminae
Dolomite, fine to medium grained, cherty
Dolomite, fine to medium grained, cherty, sandy at base
Shale, dolomitic; dolomite, fine to coarse grained,
  argillaceous
Dolomite; fine grained, argillaceous; shale, dolomitic
Dolomite, fine grained, cherty
Dolomite, fine grained
Till, sand, and gravel; laminated sand, silt, and clay
Organic-rich silty clay
Sand, silt, and clay; laminated
Till, sand, and gravel; laminated sand, silt, and clay
Sand and gravel, stratified
Sand, silt, and clay, laminated
Silt loam, massive,
Peat and muck
Dolomite, fine to medium grained, slightly cherty
Alluvium, sand, silt, and clay
K-bentonite
Figure 4 Stratigraphic column of northeastern Illinois (Bauer et al. 1991; Graese 1991; Freiburg et al. 
2012). Units in bold indicate rocks encountered at the Conco Mine. Devonian and younger strata were 
eroded in post-Pennsylvanian times. Column is not to scale.
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and packstone, and they primarily 
represent a warm, shallow marine envi-
ronment characterized by low depo-
sitional energy (Willman and Kolata 
1978). Regionally, the Galena Group is 
extensively to completely dolomitized; 
however, within the Aurora Syncline, 
limestone facies have remained only 
partially dolomitized (Graese 1991). 
Dolomitization of the Galena Group 
or Trenton Limestone in the Michigan 
Basin has been widely studied and 
is reviewed by Freiburg (2010) and 
Freiburg et al. (2012).
During deposition of the Ordovician 
carbonates, a convergent plate bound-
ary developed along the eastern coast 
of proto-North America, forming 
continent-wide volcanoes situated in 
an island arc system (Kolata et al. 1986). 
The volcanoes deposited widespread 
ash beds throughout the midcontinent 
and intermittently throughout deposi-
tion of the Galena Group. Over time, 
diagenetic alteration of the ash beds 
formed K-bentonite beds (Kolata et al. 
1996) or illite-smectite clay-rich beds. In 
the Conco Mine, Dygerts K-bentonite is 
encountered in the Wise Lake and Dun-
leith Formations of the Galena Group 
(Figure 4).
The Galena Group unconformably over-
lies the Platteville Group (Kolata et al. 
1998), which comprises mostly dolomite 
and cherty dolomite. The Galena and 
Platteville Groups unconformably over-
lie the Ordovician Glenwood Formation, 
a shaley dolomitic sandstone, and the St. 
Peter Sandstone, a significant regional 
aquifer (Figure 4). The St. Peter repre-
sents a probable pathway for regional 
fluid flow and may have played an 
important role in the transport of diage-
netic fluids and the development of solu-
tion structures and the massive mineral 
deposits at the Conco Mine.
In northeastern Illinois, the Galena 
Group is overlain by the Maquoketa 
Group, which is primarily composed of 
a thick carbonate-rich shale sequence 
(Figure 4). The lowermost formation of 
the Maquoketa Shale group is the Scales 
Shale. The Scales Shale is a mostly dark 
gray to dark brown shale that creates 
an excellent impermeable seal over the 
Galena Group. The portal to the Conco 
Mine is a decline through the base of the 
Silurian (Figure 1), through the entire 
Maquoketa, and down to the Galena 
Group.
SOLUTION CAVITIES
In the Conco Mine, solution structures 
are exclusively located along fractures, 
with the majority of meter-scale solu-
tion cavities found along northwest–
southeast-trending fractures. The first 
occurrence of meter-scale solution 
structures is found in the first level of 
the mine, which has a roof elevation 
of approximately 430 ft (131 m) and a 
bench level (floor) elevation of approxi-
mately 381 ft (116 m). Solution structures 
have also been found in the second level 
of the mine but are currently inacces-
sible because of mining operations. Two 
general types of solution structures have 
been identified throughout the mine: 
(1) open-spaced cavities, and (2) closed-
spaced solution structures. Open-
spaced cavities are host to the fine min-
eral specimens depicted in this paper. 
Many closed-spaced solution structures 
are typically collapsed breccias with 
clasts of centimeter-scale calcite spar 
clasts; sucrosic dolomite clasts; and 
calcite, pyrite, and marcasite cements. 
Other closed-space solution structures 
appear to be primarily sucrosic dolo-
mite focused along fractures. Fracture-
focused sucrosic dolomite is likely the 
result of diagenetic alteration caused by 
fluid migration along fractures.
Open-spaced solution cavities com-
monly form below a bentonite bed. 
Dygerts K-bentonite (Figure 4) is identi-
fied in level 1, and centimeter- to meter-
scale cavities are commonly found 
directly below this bed. Typically, a 
distinct vertical fracture penetrates the 
bentonite, and the cavity is found along 
the fracture and below the bentonite 
(Figure 5). The original limestone host-
ing the cavity is commonly altered to a 
sucrosic dolomite that is cemented with 
marcasite, pyrite, and calcite. Other 
cavities have little early dolomitization 
before marcasite, pyrite, and calcite 
line the cavity walls. In this case, cavity 
walls are lined with a thick [up to 3.3-ft 
(1-m)] sparry calcite cement before the 
precipitation of euhedral calcite crys-
tals. In the one cavity where this thick 
calcite cement occurs, euhedral calcite 
crystals are modified rhombohedron-
oscalenohedron combinations. All other 
cavities encountered are predominantly 
scalenohedrons, with occasional rhobo-
hedron-scalenohedron combinations 
precipitated on the sucrosic dolomite 
cavity wall.
MINERALS
Minerals found in solution cavities at 
the Conco Mine include calcite, marca-
site, pyrite, and rare sphalerite. These 
are common gangue and ore minerals 
found in MVT deposits, suggesting that 
hydrothermal fluids migrated out of a 
nearby sedimentary basin (likely the 
Michigan Basin), altering the rocks of 
northeastern Illinois and depositing 
minerals (Freiburg 2010; Freiburg et al. 
2012). Massive MVT gangue mineral 
deposits, such as those found at the 
Conco Mine, have not been recorded 
previously in northeastern Illinois, thus 
making preserved mineral specimens 
from the Conco Mine significant geo-
logic markers of the region.
Calcite is the most common mineral 
found at the Conco Mine. As previously 
noted, calcite is found as rhombohe-
drons (Figure 6) and more commonly as 
scalenohedrons (Figure 7). Calcite twin-
ning is rare, and few specimens have 
been encountered (Figure 8). All calcite 
is concentrically zoned, with multiple 
stages of calcite, marcasite, and pyrite 
precipitation (Freiburg 2010; Freiburg 
et al. 2012) creating a phantom effect 
in euhedral calcite crystals (Figure 9). 
Many scalenohedrons have a rhombo-
hedron phantom showing early calcite 
growth habits (Figure 10). Large speci-
mens of pyrite and marcasite are rarely 
encountered, but when found, they are 
typically massive clusters of euhedral 
crystal growth (Figure 11) or are sta-
lactitic (Figure 12). The mineralogy at 
the Conco Mine is reviewed in detail in 
Freiburg and Rakovan (2012).
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B
Bentonite
25 cm
Fracture
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Figure 5 Photograph of the edge of a solution cavity, a vertical fracture, and Dygerts K-bentonite 
(overlying the solution cavity; Freiburg et al. 2012). The fracture was the conduit for diagenetic  
fluids, and the bentonite was an impermeable seal.
Figure 6 Modified rhombohedron from the Conco Mine, 12 × 5 cm (Freiburg 2010; Freiburg et al. 
2012). Specimen is from the collection of Jared Freiburg. Photograph by Jared Freiburg; used by 
permission.
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Figure 7 Calcite scalenohedron with inclusions of marcasite 
and pyrite, 13.5 × 9 cm. Specimen is from the collection of Matt 
Zukowski. Photograph by Jeff Scovil, from the collection of Jared 
Freiburg; used by permission.
Figure 8 Twinned calcite with marcasite and pyrite, 8 
× 8.5 cm. Specimen is from the collection of Mike and 
Sally Bergmann. Photograph by Jeff Scovil, from the 
collection of Jared Freiburg; used by permission.
Figure 9 Calcite scalenohedron zoned with marcasite and pyrite, 
18 × 15 cm. Specimen is from the collection of Jared Freiburg. 
Photograph by Jeff Scovil, from the collection of Jared Freiburg; 
used by permission.
Figure 10 Calcite scalenohedron zoned with marcasite 
and pyrite, 3 × 2 cm. Notice the early rhombohedron 
habit outline by marcasite and pyrite. Specimen is from 
the collection of Jared Freiburg. Photograph by Jared 
Freiburg; used by permission.
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Figure 11 Cubic pyrite cluster, 10 × 6.5 cm. Specimen is from the collec-
tion of Jared Freiburg. Photograph by Jeff Scovil, from the collection of 
Jared Freiburg; used by permission
Figure 12 Marcasite stalactite cluster, 15 × 10 cm. 
Specimen is from the collection of Jared Freiburg. 
Photograph by Jeff Scovil, from the collection of 
Jared Freiburg; used by permission.
CONCLUSION
The demand for industrial minerals is 
increasing around highly populated 
areas such as the Chicago metropoli-
tan area. This has led to the expansion 
of a quarry operation in northeastern 
Illinois into an underground mining 
operation. These underground mining 
operations are giving geologists a much 
more concise view of the local geology 
and a much greater understanding of the 
regional geology and geologic processes. 
The mineral specimens recovered at the 
Conco Mine contribute significantly to 
this understanding, and they assist the 
mining company in its mining model 
and in assessing the economic value of 
the rock. Mineral specimens from the 
Conco Mine are by-products of under-
ground industrial mining around Chi-
cago and are now preserved so future 
generations can study and enjoy these 
geologic artifacts. The preservation 
of such specimens will bolster public 
support for the inevitable development 
of urban mining to meet consumer 
demand.
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Possible Causes for Significant Variations 
in Chemical and Mineralogical Compositions 
Among the Major Ore Districts in the Mississippi Valley: 
Tri-State Zinc District, Southeast Missouri Lead District, 
and Southern Illinois-Kentucky Fluorite District
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ABSTRACT
Ore deposits of the major ore districts 
in the Mississippi Valley proper—the 
Tri-State Zinc, Southeast Missouri Lead, 
and Southern Illinois-Kentucky Fluorite 
Districts—share similar geological char-
acteristics and contain most of the same 
minerals, but there are very significant 
differences in the abundances of certain 
minerals and elements. The Tri-State 
and Southeast Missouri Districts both 
contain galena and sphalerite as their 
main economic minerals, but Tri-State 
is dominated by zinc, whereas Southeast 
Missouri is dominated by lead. The ore 
fluids in the Tri-State District appear 
to have been generated within and tra-
versed through mainly zinc-containing 
sedimentary rocks. The ore fluids in 
the Southeast Missouri District were 
generated within and traversed through 
zinc-bearing sedimentary rocks, but 
they also interacted with lead-bearing 
feldspar in Precambrian igneous base-
ment rocks and feldspar in the overly-
ing sedimentary Lamotte Sandstone. 
Tri-State contains very abundant silica, 
especially as jasperoid, in contrast to the 
Southeast Missouri ores, which contain 
only minor jasperoid. The much greater 
silica content of the Tri-State ore fluids 
may be due to leaching of silica during 
their traverse through the very cherty 
Mississippian limestones. Other differ-
ences among the three districts include 
copper, cobalt, nickel, germanium, 
gallium, silver, and fluorine. The varia-
tions among the three major Mississippi 
Valley-type districts in the Mississippi 
Valley are concluded to have resulted 
from (1) metals present at the sites of ore 
fluid generation, (2) metals present in 
rocks and ore deposits traversed by the 
ore fluids en route to the sites of deposi-
tion, and (3) intermixing of the ore fluids 
with other fluids during transport.
INTRODUCTION
The term Mississippi Valley-type (MVT) 
has gained wide acceptance, and ore 
deposits worldwide are distinguished 
and classified as MVT based on the 
characteristics that compare favorably 
with those of the ore deposits in the 
Mississippi Valley. The three main ore 
districts in the Mississippi Valley proper 
are the Tri-State Zinc District, Southeast 
Missouri Lead District, and Southern 
Illinois-Kentucky Fluorite District 
(Figure 1). These districts do have many 
characteristics that are very similar and 
form the basis for the MVT classifica-
tion. However, those three major ore 
districts are also characterized by some 
marked differences in mineralogy and 
chemistry. The purpose of this paper is 
to draw attention to those differences 
and speculate on some possible reasons 
for those differences.
CHARACTERISTICS OF 
THE THREE MAJOR MVT 
DISTRICTS
The three major districts in the Missis-
sippi Valley proper have many simi-
larities that have allowed them to be 
grouped together into an MVT. The 
orebodies occur as horizontal runs or 
locally as sheets. Karst solution collapse 
structures can form important struc-
tural controls for the locations of many 
orebodies. Sedimentary structures in 
dolomitized limestones are important in 
the localization of many orebodies.
The ore deposits are composed of a 
small number of ore and gangue miner-
als. Those minerals have simple com-
positions. The common minerals are 
sphalerite (ZnS), galena (PbS), fluorite 
(CaF
2
), chalcopyrite (CuFeS
2
), pyrite 
(FeS
2
), marcasite (FeS
2
), calcite (CaCO
3
), 
dolomite [CaMg(CO
3
)
2
], barite (BaSO
4
), 
and quartz (SiO
2
). The ore and gangue 
minerals replace limestone host rocks 
and are deposited as open-space fillings 
in vugs.
The temperature of deposition and 
salinity of ore fluids have been deter-
mined for the deposition of the ore 
and gangue minerals from study of the 
fluid inclusions contained. The ore and 
gangue minerals were deposited at low 
temperatures, typically from about 150 
to 50 °C, and the depositing fluids were 
very saline, typically from 20% to 30% 
sodium chloride (NaCl) equivalent.
SIGNIFICANT DIFFERENCES 
AMONG THE THREE MAJOR 
MVT DISTRICTS
Although the three major ore districts 
in the Mississippi Valley proper share 
many common geological features, they 
also have major differences in mineral-
ogy and chemistry. The Tri-State and 
Southeast Missouri Districts differ 
greatly in the ratios of sphalerite to 
galena. Whereas Tri-State is dominated 
by sphalerite, the Southeast Missouri 
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Lead District is dominated by galena. 
Similarly, whereas the Southern Illinois-
Kentucky Fluorite District is dominated 
by fluorite, the Tri-State and Southeast 
Missouri Districts are totally lacking in 
fluorite. These and other mineralogical 
and chemical differences among the 
three major districts in the Mississippi 
Valley proper are discussed in the fol-
lowing sections.
LEAD:ZINC RATIOS  
IN THE ORES
The Tri-State District is dominated 
by sphalerite. The ratio of zinc to lead 
during mining from 1850 through 1964 
was 4.117:1 (Brockie et al. 1968). Most 
MVT deposits worldwide are character-
ized by sphalerite dominant over galena. 
The MVT ore districts with sphalerite 
dominant include Tri-State, Northern 
Arkansas, Wisconsin-Illinois, East Ten-
nessee, Central Tennessee, Pine Point, 
Northwest Territories, Polaris, Arctic, 
Alpine-type, Europe, Irish-type, Ire-
land, Upper Silesia, Poland, and others. 
Disregarding the fluorite, the zinc:lead 
ratio for the Southern Illinois-Kentucky 
Fluorite District is about 10:1 (Eric Liv-
ingston, former Chief Geologist, Ozark-
Mahoning Company, Southern Illinois-
Kentucky Fluorite District, e-mail com-
munication, 2011).
The Southeast Missouri District differs 
greatly from the sphalerite-dominant 
districts in that galena dominates 
sphalerite by a ratio of more than 5:1. 
Galena-dominant MVT districts are 
rare. One example is the Leisvall District 
in Sweden (and similar nearby deposits), 
where galena was deposited in sand-
stones. Much of the Leisvall galena ore 
was deposited in disseminations or in 
spots about 1 in. (2.5 cm) in diameter, 
perhaps because of the former presence 
of some precipitant such as petroleum. 
The Leisvall ore has a striking similarity 
in appearance to the Lamotte Sand-
stone-hosted galena ore at the Indian 
Creek Mine in the Southeast Missouri 
Lead District.
This raises the question of why most 
MVT districts are dominated by sphal-
erite but only rare MVT districts are 
dominated by galena. The reason could 
well be that for the sphalerite-domi-
nated districts, the ore fluids originated 
within and traveled through a column of 
Paleozoic sedimentary rocks that con-
tained significant amounts of zinc and 
much smaller amounts of lead and other 
metals. For these zinc-rich districts, ore 
fluid had no significant involvement 
with potentially lead-bearing Precam-
brian basement rocks. In contrast, for 
the galena-dominated districts, the 
ore fluids traveled through Paleozoic 
carbonate rocks and reacted with Pre-
cambrian basement and Cambrian 
Lamotte Sandstone (partly derived from 
the basement). For Precambrian rocks 
in southeast Missouri, Aleinikoff et al. 
(1993) showed that the feldspar could 
contain as much as 12 to 13 ppm of lead 
in the feldspar. Feldspar in the overly-
ing Lamotte Sandstone, through which 
the ore fluids migrated, was found to 
contain 1 to 8 ppm of lead (Aleinikoff et 
Figure 1 Index map showing major Mississippi Valley-type (MVT) ore districts in the Mississippi Valley 
proper.
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al. 1993). Kisvarsanyi (1977) and Viets et 
al. (1992) arrived at similar conclusions 
that much of the lead in the Southeast 
Missouri District was derived from the 
Precambrian.
The lead in the lead-rich Leisvall depos-
its of Sweden was formerly thought to 
have been derived from the overly-
ing metal-rich Alum Shale, but recent 
studies have concluded that the lead 
comes from the underlying Precam-
brian rocks (David Rickard, Cardiff 
University, Wales, e-mail communica-
tion, 2011). A well-developed leach zone 
has been discovered in the top of the 
Precambrian basement rocks, and the 
uranium:thorium ratios (U:Th) of base-
ment leads match those of the lead ores 
at Leisvall.
ABUNDANCE OF 
HYDROTHERMAL 
SILICIFICATION 
(JASPEROID)
The abundance of hydrothermal silici-
fication (jasperoid) varies markedly 
among the three major MVT districts. 
The Tri-State ores exhibit very abundant 
hydrothermal silicification of the lime-
stone and dolomite. The silicification has 
been called “jasperoid,” and it differs in 
several respects from the chert that is so 
characteristic of the host limestones in 
the district. Whereas the chert occurs as 
lenses and nodules along the bedding 
of the host limestone, the jasperoid was 
formed during and after the dissolution 
of the limestone and its brecciation by 
solution collapse. Thus, the jasperoid 
cements the limestone and chert brec-
cia, as shown underground in Figure 2a 
and 2b. Hand specimens of much of the 
ores consist of jasperoid-cemented chert 
breccias, as shown in Figure 2c and 2d. 
Jasperoid also differs from chert in grain 
size and shape. Individual grains of 
quartz in the chert are mostly less than 
14 µm and are equant in shape (Figure 
2e). In contrast, individual grains of 
quartz in the jasperoid are mostly larger 
than 14 µm and typically are elongate in 
shape (Figure 2f).
In the Southeast Missouri District, jas-
peroid is of rare occurrence. Only locally 
at the Magmont Mine, for example, has 
minor jasperoid formed. Most of the 
ores of the Viburnum Trend completely 
lack jasperoid. However, minor late 
vug-lining quartz crystals are present in 
the Southeast Missouri District. Silici-
fication was minor and localized in the 
Southern Illinois-Kentucky District ores 
(Eric Livingston, e-mail communica-
tion, 2011).
This raises the question of why the 
Tri-State ores are characterized by 
very abundant silicification, whereas 
the Southeast Missouri and Southern 
Illinois District ores are characterized 
by only minor and local silicification. 
The reason may very well be connected 
to the fact that the Tri-State ore fluids 
passed through very cherty Missis-
sippian limestones, dissolved some of 
the silica from the enclosed chert, and 
subsequently those hydrothermal fluids 
deposited the silica as jasperoid. In 
contrast, the ore fluids for the Southeast 
Missouri and Southern Illinois Districts 
passed through rocks that contained 
lesser amounts of silica.
GERMANIUM AND GALLIUM 
CONTENTS OF SPHALERITE
Tri-State sphalerite contains small but 
elevated amounts of germanium (Ge) 
and gallium (Ga). Eagle-Picher Indus-
tries built a germanium plant at Miami, 
Oklahoma, to recover germanium from 
Tri-State zinc smelter residues, and for 
many years, it was the main domestic 
source of germanium. Hagni (1983a) 
determined, based on a large number 
(187) of analyses, that the average con-
tent of Tri-State sphalerite is 134 ppm 
of germanium, that reddish brown 
sphalerite averages slightly higher ger-
manium contents (164 pm), and that 
red sphalerites contain the highest ger-
manium contents (298 ppm). Along this 
line, Rick Dingess, former Chief Geolo-
gist, ASARCO West Fork mine, Missouri 
(e-mail communication, 2011), who ana-
lyzed many Tri-State sphalerite speci-
mens for germanium exploitation pur-
poses, found an average content of 140 
ppm. The gallium contents were even 
higher: 255 ppm for the average Tri-State 
sphalerite (187 analyses), 200 ppm for 
reddish brown sphalerite, and 400 ppm 
for red sphalerite (Hagni 1983a).
The average germanium and gallium 
contents of Tri-State sphalerite were 
also compared with smaller numbers 
of analyses for the Southeast Missouri 
and Southern Illinois-Kentucky Dis-
tricts (Hagni 1983a). Southeast Missouri 
District sphalerite averaged 114 ppm of 
germanium and 155 ppm of gallium for 
28 analyses. Southern Illinois-Kentucky 
District sphalerite averaged 286 ppm 
of germanium and 122 ppm of gallium 
for 5 analyses. In the latter district, the 
Hutson Mine in western Kentucky aver-
aged 800 ppm of germanium and was 
mined for its germanium content (Rick 
Dingess, e-mail communication, 2011). 
Departing from the three major MVT 
deposits for a moment, the sphalerite 
in the Central Tennessee District was 
characterized by even higher germa-
nium contents of 400 to 600 ppm (Rick 
Dingess, e-mail communication, 2011) 
and by an average of 230 ppm of gallium. 
Some of the Central Tennessee District 
mines were the focus of lawsuits levied 
for nonpayment of germanium recovery 
revenues (Simpson 2000).
Subsequent analyses of MVT sphaler-
ites by Viets et al. (1992) found similar, 
but somewhat lower, germanium and 
gallium contents for the Tri-State and 
Southeast Missouri District sphalerites. 
They also analyzed sphalerite from the 
Northern Arkansas and Central Mis-
souri Districts and found even lower 
germanium and gallium contents. 
Northern Arkansas District sphalerite 
averaged 31 ppm of germanium and 120 
ppm of gallium, and Central Missouri 
District sphalerite averaged 46 ppm of 
germanium and 122 ppm of gallium.
The origin of germanium and gallium 
in MVT sphalerite crystals is an inter-
esting problem. Some geologists have 
concluded that the germanium and gal-
lium are derived from mixing of the ore 
fluids with petroleum during transport 
to the sites of deposition (e.g., Rick Ding-
ess, personal communication, 2011). 
Some features of the Tri-State District 
would support such an interpretation. 
A significant petroleum field is located 
in Kansas just west of the Picher field, 
formerly the main producing field in the 
Tri-State District. When the upper bed 
ore runs in the Tri-State District were 
first opened, the vugs were filled with 
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Figure 2 Tri-State ores. (a, b) Limestone (light and medium gray) and chert (white) breccia cemented by jasperoid (dark gray). 
Hammer gives the scale. (c, d) Chert (white) breccia cemented by jasperoid (dark gray) that contains disseminated sphaler-
ite. Specimens are about 11.8 in. (30 cm) long. (e) Transmitted light photomicrograph of chert under crossed nicols showing 
equant quartz grains. (f) Transmitted light photomicrograph of jasperoid under crossed nicols showing elongate quartz grains.
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petroleum (Dan Stewart, former Chief 
Geologist, American Zinc, Tri-State Dis-
trict, personal communication, 1986). 
Petroleum dripped down on the walls 
of the M-bed (main mining horizon) ore 
runs. That the petroleum was present at 
the time of ore deposition is indicated 
by the presence of petroleum (Figure 
3a) in some of the fluid inclusions in the 
Tri-State sphalerite (Wei 1975). Analyses 
of petroleum (crude oils, asphalts, and 
oils extracted from rocks) in Kansas and 
Oklahoma lend support to the source 
of gallium being from petroleum but 
not germanium (Erickson et al. 1954). 
Seventy-two percent of the 71 analy-
ses detected gallium in concentration 
ranges of 0.0 to 0.000×, but only one 
of the analyses detected germanium 
(concentration range of 0.0×). It is inter-
esting that 117 analyses of Kansas coals 
detected 6 to 116 ppm of germanium, 
and germanium was detected in all 117 
of the analyses (Schleicher and Hamble-
ton 1954; Schleicher 1959).
COPPER CONTENTS OF THE 
THREE MVT DISTRICTS
Most of the mines in the Southeast Mis-
souri District recover copper (Cu) as 
a separate concentrate at the mill. In 
contrast, the other two districts contain 
insufficient copper to make a copper 
concentrate. The principal mineral that 
contains the copper is chalcopyrite. It 
commonly occurs as massive colloform 
grains that are deposited after dissemi-
nated sphalerite but before the deposi-
tion of galena. Locally, chalcopyrite and 
sphalerite show rhythmic colloform 
deposition in which bands of chalco-
pyrite and sphalerite alternate during 
deposition. Chalcopyrite also may occur 
as disseminated grains in massive 
replacement ores and as late crystals 
deposited in vugs.
Some of the ores in the Viburnum Trend 
are very copper-rich massive copper sul-
fide bodies, locally called bornite pods. 
They contain copper (and cobalt and 
nickel) sulfides and totally lack lead and 
zinc sulfides. These ores are character-
ized by textures that include (1) bornite 
spheroids, (2) bornite-chalcopyrite 
exsolution, (3) rhythmic bornite and 
chalcopyrite colloform deposition, and 
(4) layered chalcopyrite-bornite deposi-
tion (Hagni 1988, 1997, 2001, 2011, 2014). 
Eight bornite pods have been discovered 
in the Viburnum Trend. By contrast, 
bornite pods are absent from the Tri-
State District and most other MVT dis-
tricts.
This raises the question of why the 
Viburnum Trend ores contain enough 
copper to produce a copper concentrate, 
whereas the ores in the other two MVT 
districts and most MVT districts con-
tain insufficient copper to recover. The 
reason may well relate to the interaction 
of Southeast Missouri District ore fluids 
with copper-iron ore deposits in the 
underlying Precambrian rocks. The ore 
fluids not only traveled and interacted 
with Paleozoic and Precambrian rocks, 
but also reacted with copper-bearing 
ore deposits in the basement, such 
as the Boss-Bixby copper-iron (Cen-
tral and West Dome) deposits. That is, 
copper was leached from the Boss-Bixby 
copper-bearing deposits and redepos-
ited by the ore fluids in the overlying 
Cambrian Bonneterre Formation ores. 
Support for this interpretation comes 
from various sources. The Boss-Bixby 
deposit contains more copper than 
do other iron deposits in the Missouri 
Precambrian. The Boss-Bixby deposits 
are primarily magnetite, hematite, and 
some ilmenite, but copper is also present 
as chalcopyrite and bornite in the Boss-
Bixby Central Dome deposit (Hagni and 
Brandom 1989; Figure 4a,b) and in the 
East Dome (Seeger 2003). Furthermore, 
the amounts of copper in the Viburnum 
mines increase toward the Boss-Bixby 
copper-iron deposit. In addition, studies 
of mineral asymmetry in the Viburnum 
Trend have shown a major component of 
ore fluid flow from the Magmont-Buick 
area (near the Boss-Bixby deposit; see 
Hagni 1983b). Finally, sulfur isotopes 
indicate interaction of the Viburnum 
Trend ore fluids with the Boss-Bixby 
deposit (Shelton et al. 1995).
COBALT AND NICKEL  
CONTENTS OF THE THREE 
MVT DISTRICTS
The Southeast Missouri District contains 
much more cobalt (Co) and nickel (Ni) 
than do the other two MVT districts. 
In the Tri-State and Southern Illinois-
Kentucky Districts, cobalt and nickel 
occur only as trace elements in pyrite 
and marcasite. In the Southeast Mis-
souri District, in addition to cobalt and 
nickel occurring as minor trace ele-
ments in pyrite and marcasite, they are 
sufficiently abundant to occur as a sepa-
rate mineral phase, siegenite. Siegenite 
occurs throughout most of the orebod-
ies mainly as coatings on chalcopyrite 
(Figure 3c), but also locally as coatings 
on sphalerite (Figure 3d). Nickel also 
occurs locally as late vug-lining millerite 
crystals deposited on octahedral galena, 
and that millerite commonly is partly to 
completely altered to polydymite (Figure 
3e). The excess nickel from the alteration 
of millerite to polydymite is deposited 
as vaesite on the altered millerite-poly-
dymite crystals. Less commonly, pyrite 
and marcasite contain growth zones of 
bravoite and vaesite (Figure 3f).
Periodically, a cobalt concentrate is 
produced at some of the mills in the 
Viburnum Trend. For ores that are low 
in copper and sufficiently high in cobalt 
content, the copper circuit in the mill 
may be used periodically to recover a 
cobalt concentrate rather than a copper 
concentrate. The cobalt and nickel 
contents of the Tri-State and Southern 
Illinois-Kentucky Districts are not suf-
ficiently high to make mill concentrates 
of these metals.
This leads to why the ores of the South-
east Missouri District are much higher 
in cobalt and nickel than those of the 
Tri-State and Southern Illinois-Kentucky 
Districts. The reason probably is simi-
lar to the reason the copper content of 
ores in the Southeast Missouri District 
is higher. That is, the cobalt and nickel 
were derived principally by leaching 
of Precambrian cobalt- and nickel-
bearing ore deposits, such as Boss-Bixby 
(Central and West Domes). Support for 
this interpretation comes from several 
sources. Cobalt and nickel are present 
in the Boss-Bixby ores as strongly zoned 
cobalt- and nickel-bearing pyrite. In 
addition, the cobalt and nickel contents 
of the Viburnum Trend ores increase as 
the Boss-Bixby deposits are approached 
(Jessey 1981; Hagni 1983a). Finally, the 
nickel:cobalt ratio decreases systemati-
cally away from the Boss-Bixby deposits 
(Jessey 1981; Hagni 1983a).
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Figure 3 Reflected light photomicrographs of southeast Missouri ores (a, c, d, e, f) and Leisvall, Sweden, ore (b). (a) Fluid 
inclusions in sphalerite (yellow), some of which contain petroleum (black). (b) Mine face showing galena (black) in sand-
stone. Scale given by the Brunton compass (center low). (c) Siegenite (Sg, light yellow) deposited on chalcopyrite (Cp, dark 
yellow). (d) Siegenite (Sg, light yellow) deposited on sphalerite (Sl, light gray). (e) Millerite crystal (Mi, light yellow) partly 
replaced by polydymite (Pd, light violet) and coated by vaesite (Vs, dark gray) enclosed within galena (Gn, light gray). (f) 
Pyrite crystals (yellow) with zones of vaesite (medium gray) and bravoite (light brown) all enclosed in galena (Gn, light 
gray).
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Figure 4 Boss-Bixby, Missouri, ores and Ol Doinyo Lengai, Tanzania. (a) Reflected light photomicrograph showing magnetite 
(Mt, light brown) and hematite (Hm, white) containing small exsolution ilmenite lamellae. (b) Reflected light photomicrograph 
showing chalcopyrite (Cp, yellow) and bornite (Bo, purple) with magnetite (Mt, light gray). (c) Ol Doinyo Lengai volcano. (d) 
Summit crater at Ol Doinyo Lengai. (e) Eruption of natrocarbonatite at Ol Doinyo Lengai. (f) Cathodoluminescence micrograph 
showing gregoryite (brown), nyerereite (orange), apatite (dark purple), and fluorite (light purple). Photographs in panels d and 
e courtesy of Abigale Church, and the specimen in panel f courtesy of Joerg Keller.
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SILVER IN SPHALERITE IN 
THE THREE MVT DISTRICTS
The silver (Ag) contents of sphalerite in 
the MVT districts typically are very low. 
For Tri-State District ores, for example, 
the silver content averaged 5.1 ppm for 
187 analyses (Hagni 1983a). Similarly, 
for the Southern Illinois-Kentucky Dis-
trict, the silver content in 43 analyses 
of sphalerite averaged 2 ppm (Hagni 
1983a). In contrast, 28 analyses of sphal-
erite from the Southeast Missouri Dis-
trict averaged 434 ppm of silver.
The question then is why the Southeast 
Missouri District sphalerite contains 
elevated silver contents. One possible 
explanation may be that the ore fluids 
interacted with silver-bearing ore 
deposits in the Precambrian rocks. That 
is, the silver concentrations in Southeast 
Missouri District sphalerite may be due 
to leaching of silver from silver-bearing 
ore deposits in the Precambrian base-
ment, similar to those deposits in the 
Silver Mine District of southeast Mis-
souri (Hagni 1984a,b).
FLUORITE IN THE 
SOUTHERN ILLINOIS-
KENTUCKY DISTRICT
Fluorite is greatly predominant over 
sphalerite and galena in the Southern 
Illinois-Kentucky District. The question 
that is immediately posed is whether 
MVT ore fluids from the Illinois Basin or 
elsewhere carrying zinc and lead inter-
act with alkaline igneous-carbonatite 
complex-related fluorite at Hicks Dome.
Fluorite is very closely associated with 
alkaline igneous-carbonatite com-
plexes worldwide. For example, at the 
present-day active volcano Ol Doinyo 
Lengai in Tanzania, carbonatite magma 
actively extrudes at the summit and at 
times violently explodes, draping the 
sides of the volcano (Figure 4c,d,e). 
Petrographic and cathodoluminescence 
microscopic examinations of those 
lavas have shown that they contain up 
to 5% fluorite (2.5% fluorine; Koberski 
and Keller 1995; Figure 4f). Similarly, 
large fluorspar deposits may be formed 
in connection with alkaline igneous-
carbonatite complexes. At the Okorusu 
alkaline igneous-carbonatite complex 
in Namibia, fluorspar mines produced 
110,000 tons of fluorspar concentrates 
in 2010. This production level is three 
times that of the production from the 
Southern Illinois-Kentucky District 
before mining ceased. Mines at a similar 
alkaline igneous-carbonatite complex 
at Amba Dongar in western India have 
been producing smaller amounts of 
fluorspar concentrates. Fluorspar mines 
at yet another alkaline igneous-carbon-
atite complex at Mato Preto in southern 
Brazil produced about 100,000 tons of 
fluorspar concentrate annually until 
it was closed in 1999. Several fluorspar 
mines at alkaline igneous-carbonatite 
complexes in Russia were productive 
before their closures. Finally, the Kenya 
Fluorspar Company mine at Kimwarer 
in western Kenya has been producing 
about 100,000 tons of fluorspar concen-
trate annually. Although that deposit 
has not been recognized as of alkaline 
igneous-carbonatite complex origin, 
those fluorite deposits have the mineral-
ogical and chemical characteristics that 
lead this writer to conclude they are also 
related to an alkaline igneous-carbon-
atite complex.
The question then is what characteristics 
serve to distinguish alkaline igneous-
carbonatite complex-related fluorspar 
ores. Those ores typically replace car-
bonatites, limestones, and marbles. 
During the replacement, calcium from 
the host rock goes into solution and 
combines with fluorine to form fluorite 
(CaF
2
). Carbonatite complex-related flu-
orspar ores typically contain abundant 
apatite. The presence of apatite in fluor-
spar ores is noteworthy because apatite 
is a deleterious constituent when the flu-
orspar ores are utilized for steelmaking. 
Carbonatite-related fluorspar ores also 
commonly contain locally elevated con-
centrations of rare earth elements (REE).
A massive fluorite deposit has been 
drilled at depth within the Hicks Dome 
structure in the Southern Illinois-
Kentucky District (Brett Denny, Illinois 
State Geological Survey, personal com-
munication, 2014). The results of the 
drilling have been largely confidential; 
however, limited literature indicates 
that the fluorite replaces brecciated 
limestone, contains abundant apatite, 
and contains elevated REE. These min-
eralogical characteristics are those of an 
alkaline igneous-carbonatite complex-
related fluorspar deposit. Several small 
outcrops of a carbonate breccia called 
the Grant Breccia that occur at Hicks 
Dome have been interpreted to be car-
bonatite (Reynolds et al. 1997). Further 
strengthening the carbonatite interpre-
tation is the recent identification of the 
REE mineral synchysite in breccia in an 
outcrop at Sparks Hill (Denny et al. 2015, 
this volume). Synchysite is a common 
REE mineral in carbonatites, and it was 
identified as the mineral that carries 
REE values in the Okorusu, Namibia, 
carbonatite (Kogut et al. 1997). Thus, it 
may be readily concluded that regard-
less of whether the Hicks Dome fluorite 
ores replaced carbonatite or replaced 
brecciated carbonate rocks, the ores are 
clearly derived from an alkaline igne-
ous-carbonatite complex. Furthermore, 
the origin of the abundant, previously 
mined shallow MVT fluorite ores in 
southern Illinois and Kentucky must be 
related to the deep Hicks Dome fluorite 
ores. One of two genetic relationships is 
possible: there was either (1) dissolution 
of older alkaline igneous-carbonatite-
related Hicks Dome fluorite mineraliza-
tion, followed by deposition of fluorite in 
the MVT deposits, or (2) mixing of two 
fluids, one alkaline igneous-carbonatite 
derived and the other MVT basin 
derived.
With respect to a mixing model, it is 
important to know the ages of Hicks 
Dome carbonatite and the previously 
mined MVT fluorspar ores. Denny et al. 
(2008) recently summarized age dating 
of the Southern Illinois-Kentucky Dis-
trict fluorspar ores by indicating dates 
from early Permian through late Juras-
sic. Dating of the igneous activity in the 
district has been consistent at about 270 
Ma (million years ago), or early Perm-
ian (Denny et al. 2008). Reynolds et al. 
(1997) have argued that the best age 
determination for the Southern Illinois-
Kentucky fluorite mineralization is 
Permian. They dated the Grant Breccia 
as Permian, and they concluded that 
carbonatite-related fluids mixed with 
Illinois Basin-derived MVT fluids during 
Permian time.
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However, it seems to the author that if 
fluorite-bearing carbonatite-related 
fluids were mixed with basin-derived 
lead-zinc-bearing MVT fluids, the previ-
ously mined MVT ores should have con-
tained abundant apatite and some REE 
minerals. Those ores contained no apa-
tite, nor did they contain independent 
REE minerals (Eric Livingston, e-mail 
communication, 2011). Thus, it seems 
more likely that the carbonatite-related 
fluorspar ores had been emplaced in 
Hicks Dome before the introduction of 
the MVT fluids, and that fluorite was 
readily dissolved by the MVT fluids 
but that apatite and REE minerals were 
insoluble. Thus, it is concluded here that 
the Southern Illinois District contains 
abundant fluorite, whereas Tri-State and 
Southeast Missouri contain no fluorite 
because the basin-derived MVT fluids 
that mineralized the Southern Illinois-
Kentucky District encountered carbon-
atite-related fluorite in Hicks Dome and 
remobilized it to be deposited with the 
lead and zinc deposits in that district.
CONCLUSIONS
Although the three major ore districts in 
the Mississippi Valley proper have pro-
vided the basis for the classification of 
the MVT ore deposit class, there are very 
significant differences in the mineralogy 
among the ores in those three districts. 
It is concluded that the varied mineral-
ogy of MVT deposits in the Mississippi 
Valley proper resulted from a variety of 
influences. For the Tri-State Zinc Dis-
trict, and for most zinc-dominant MVT 
deposits elsewhere in the world, most of 
the constituents both originated at the 
site of formation of the ore fluids and 
were also leached from sedimentary 
rocks during transport to their sites of 
deposition.
Fluid–rock interaction was responsible 
for the presence of other constitu-
ents in the ore districts. For the silica 
(jasperoid) in the Tri-State District, it 
was obtained by fluid–rock interac-
tion (partial chert dissolution) during 
travel to the depositional sites. Lead in 
the Southeast Missouri District (and 
in the Leisvall District in Sweden) was 
also obtained by fluid–rock interaction 
(mostly leaching of lead from Precam-
brian lead-bearing feldspar) as the fluids 
traveled to the depositional sites.
Other constituents present in the ore 
districts resulted from fluid–ore deposit 
interaction. Much of the copper, cobalt, 
and nickel present in the Southeast Mis-
souri District ores was derived by ore 
fluid leaching of metals present in the 
cobalt- and nickel-bearing Boss-Bixby 
copper-iron ore deposits in the Precam-
brian basement near the Viburnum 
Trend. The highly elevated amounts of 
trace element silver present in sphal-
erite in the Southeast Missouri District 
may well have originated by leaching of 
silver from silver-rich ore deposits in the 
Precambrian basement, such as those 
deposits in the Silver Mine District of 
Southeast Missouri.
Finally, some constituents in the MVT 
deposits may have resulted from mixing 
of the basinal brine ore fluids with other 
fluids during their travel to the sites of 
ore deposition. Germanium and espe-
cially gallium may have been derived 
from ore fluid mixing with petroleum. 
However, another possible source for 
germanium might well have been coal 
deposits, which typically contain ele-
vated amounts of germanium. Similarly, 
the basinal brine fluids that deposited 
the ores in the Southern Illinois-Ken-
tucky District may have mixed with 
fluorite-depositing fluids of alkaline 
igneous-carbonatite complex origin. 
Another possibility, however, is that the 
basinal brine leached fluorite from pre-
viously deposited Hicks Dome alkaline 
igneous-carbonatite complex-related 
fluorite ores.
REFERENCES
Aleinikoff, J.N., M. Walter, M.J. Kunk, 
and P.P. Hearn Jr., 1993, Do ages of 
authigenic K-feldspar date the forma-
tion of Mississippi Valley-type Pb-Zn 
deposits, central and southeastern 
United States? Pb isotopic evidence: 
Geology, v. 21, no. 1, p. 73–76.
Brockie, D.C., E.H. Hare Jr., and P.R. 
Dingess, 1968, The geology and ore 
deposits of the Tri-State District of 
Missouri, Kansas, and Oklahoma, 
in J.D. Ridge, ed., Ore deposits of the 
United States, 1933–1967: New York, 
American Institute of Mining, Metal-
lurgical, and Petroleum Engineers, p. 
400–430.
Denny, F.B., A. Goldstein, J.A. Devera, 
D.A. Williams, Z. Lasemi, and W.J. 
Nelson, 2008, The Illinois-Kentucky 
Fluorite District, Hicks Dome, and 
Garden of the Gods in southeastern 
Illinois and northwestern Kentucky: 
Geological Society of America Field 
Guides, v. 17, p. 69–98.
Denny, F.B., R.N. Guillemette, and L. 
Lefticariu, 2015, Rare earth mineral 
concentrations in ultramatic alka-
line rocks and fluorite within the 
Illinois-Kentucky Fluorite District: 
Hicks Dome Cryptoexplosive Com-
plex, southeast Illinois and northwest 
Kentucky (USA), in Z. Lasemi, ed., 
Proceedings of the 47th Forum on 
the Geology of Industrial Minerals: 
Champaign, Illinois State Geological 
Survey, Circular 587, p. 77–92.
Erickson, R.L., A.T. Myers, and C.A. Horr, 
1954, Association of uranium and 
other metals with crude oil, asphalt, 
and petroliferous rock: AAPG Bulle-
tin, v. 38, no. 10, p. 2200–2218.
Hagni, R.D., 1983a, Minor elements in 
Mississippi Valley-type ore depos-
its, in W.C. Shanks III, ed., Cameron 
volume on unconventional min-
eral deposits: New York, Society for 
Mining, Metallurgy, and Exploration/
American Institute of Mining, Metal-
lurgical, and Petroleum Engineers, p. 
71–88.
Hagni, R.D., 1983b, Ore microscopy, 
paragenetic sequence, trace element 
content, and fluid inclusion studies of 
the copper-lead-zinc deposits of the 
Southeast Missouri Lead District, in 
G. Kisvarsanyi, S.K. Grant, W.P. Pratt, 
and J.E. Koenig, eds., Proceedings of 
the International Conference on Mis-
sissippi Valley Type Lead-Zinc Depos-
its: Rolla, University of Missouri, p. 
243–256.
Hagni, R.D., 1984a, Ore microscopy of 
the silver minerals in the epigenetic 
Ag-W-Sn deposits in the Silvermine 
District, southeastern Missouri, 
U.S.A., in A. Wauschkuhn, C. Kluth, 
76 Circular 587 Illinois State Geological Survey
and R.A. Zimmermann, eds., Syngen-
esis and epigenesis in the formation 
of mineral deposits: Berlin, Springer-
Verlag, p. 52–61.
Hagni, R.D., 1984b, Precambrian silver-
tungsten-tin mineralization and its 
relationship to granitic magmatism 
in southeastern Missouri, U.S.A., in T. 
Janelidze, and A. Tvalchrelidze, eds., 
Proceedings of the Sixth Quadrennial 
IAGOD Symposium, Tbilisi, U.S.S.R.: 
International Association on the Gen-
esis of Ore Deposits, p. 345–347.
Hagni, R.D., 1988, Ore microscopy and 
paragenetic sequence of early born-
ite ores in the Southeast Missouri 
Lead District, in E. Zachrisson, ed., 
Proceedings of the 7th Quadrennial 
IAGOD Symposium, Lulea, Sweden: 
International Association on the Gen-
esis of Ore Deposits, p. 167–170.
Hagni, R.D., 1997, Mineralogy and 
significance of bornite ores in the 
Viburnum Trend, Southeast Missouri 
Lead District, in D.F. Sangster, ed., 
Carbonate-hosted lead-zinc deposits, 
75th anniversary volume: Littleton, 
Colorado, Society of Economic Geolo-
gists, p. 611–630.
Hagni, R.D., 2001, Ore microscopy of 
bornite ores in the Viburnum Trend, 
southeast Missouri: Emphasis on 
bornite ores at the Casteel Mine and 
comparisons to bornite-rich ores 
elsewhere, in R.D. Hagni, ed., Studies 
on ore deposits, mineral econom-
ics, and applied mineralogy: With 
emphasis on Mississippi Valley-type 
base metal and carbonatite-related 
ore deposits: Rolla, University of Mis-
souri–Rolla Press, p. 63–77.
Hagni, R.D., 2011, Ore microscopic 
study of copper losses from mining of 
bornite ores in the Sweetwater mine, 
Viburnum Trend, southeast Mis-
souri, 10th International Congress 
for Applied Mineralogy: Trondheim, 
Norwegian Geological Survey, CD 
ROM, p. 307–318.
Hagni, R.D., 2014, Ore microscopy of a 
new bornite pod at the Casteel Mine, 
Viburnum Trend, Southeast Missouri 
Lead District: Geological Society of 
America Abstracts with Programs, v. 
46, no. 4, p. 20.
Hagni, R.D., and R.T. Brandom, 1989, 
The mineralogy of the Boss-Bixby, 
Missouri, copper-iron-cobalt deposit 
and a comparison to the Olympic 
Dam deposit at Roxby Downs, South 
Australia, in V.M. Brown, E.B. Kis-
varsanyi, and R.D. Hagni, eds., Olym-
pic Dam-type deposits and geology 
of Middle Proterozoic rocks in the 
St. Francois Mountains terrain, Mis-
souri: Littleton, Colorado, Society 
of Economic Geologists, Guidebook 
Series, v. 4, p. 82–92.
Jessey, D.R., 1981, Mineralogical and 
compositional variations of the 
nickel-cobalt mineralization in the 
Southeast Missouri Mining District, 
in D.M. Hausen and W.C. Park, eds., 
Process mineralogy: Extractive met-
allurgy, mineral exploration, energy 
resources: Proceedings of a sympo-
sium: The Metallurgical Society of 
American Institute of Mining, Metal-
lurgical, and Petroleum Engineers, p. 
159–177.
Kisvarsanyi, G., 1977, The role of the Pre-
cambrian igneous basement in the 
formation of the stratabound lead-
zinc-copper deposits in Southeast 
Missouri: Economic Geology, v. 72, 
no. 3, p. 435-442.
Koberski, U., and J. Keller, 1995, Cath-
odoluminescence observations of 
natrocarbonatites and related per-
alkaline nephelinites at Oldoinyo 
Lengai, in K. Bell and J. Keller, eds., 
Carbonatite volcanism: Oldoinyo 
Lengai and the petrogenesis of natro-
carbonatites: Berlin, Springer, IAVCEI 
Proceedings in Volcanology, v. 4, 209 
p.
Kogut, A.I., R.D. Hagni, and G.I.C. 
Schneider, 1997, The Okorusu, 
Namibia, carbonatite-related fluo-
rite deposits: Comparison with the 
Southern Illinois-Kentucky Fluorite 
District, in D.F. Sangster, ed., Carbon-
ate-hosted lead-zinc deposits, 75th 
anniversary volume: Littleton, Colo-
rado, Society of Economic Geologists, 
p. 290–297.
Reynolds, R.L., M.B. Goldhaber, and 
L.W. Snee, 1997, Paleomagnetic and 
40Ar/39Ar results from the Grant Intru-
sive Breccia and comparison to the 
Permian Downeys Bluff Sill—Evi-
dence for Permian igneous activity at 
Hicks Dome, Southern Illinois Basin: 
U.S. Geological Survey, Bulletin 2094-
G, 16 p.
Schleicher, J.A., 1959, Germanium 
in Kansas coals: Kansas Geologi-
cal Survey, Bulletin 134, part 4, p. 
161–179.
Schleicher, J.A., and W.W. Hambleton, 
1954, Preliminary spectrographic 
investigation of germanium in Kansas 
coal: Kansas Geological Survey, Bul-
letin 109, part 8, p. 113–124.
Seeger, C.M., 2003, Lithology and 
alteration assemblages of the Boss 
iron-copper deposit, Iron and Dent 
Counties, southeast Missouri: Rolla, 
Missouri University of Science and 
Technology, Ph.D. dissertation, 139 p.
Shelton, K.L., I.B. Burstein, R.D. Hagni, 
C.B. Vierrether, S.K. Grant, Q.T. Hen-
nigh, M.F. Bradley, and R.T. Brandom, 
1995, Sulfur isotope evidence for pen-
etration of MVT fluids into igneous 
basement rocks, southeast Missouri, 
USA: Mineralium Deposita, v. 30, p. 
339–350.
Simpson, G.R., 2000, From Al to zinc: 
Mine story shows how a fatherly 
favor haunts Gore: The Wall Street 
Journal Online, http://online.wsj.
com/articles/SB973036632901764935 
(accessed June 1, 2016).
Viets, J.G., R.T. Hopkins, and B.M. 
Miller, 1992, Variations in minor and 
trace metals in sphalerite from Mis-
sissippi Valley-type deposits of the 
Ozark region: Genetic implications: 
Economic Geology, v. 87, no. 7, p. 
1897–1905.
Wei, C.-S., 1975, Fluid inclusion geo-
thermometry of Tri-State sphalerite: 
Rolla, Missouri University of Science 
and Technology, M.S. thesis, 78 p.
Rare Earth Mineral Concentrations 
in Ultramafic Alkaline Rocks and Fluorite 
Within the Illinois-Kentucky Fluorite District: 
Hicks Dome Cryptoexplosive Complex, 
Southeast Illinois and Northwest Kentucky (USA)
F.B. Denny*
Illinois State Geological Survey, Prairie Research Institute, University of Illinois at Urbana-Champaign
R.N. Guillemette
Department of Geology, Texas A&M University, College Station, Texas
L. Lefticariu
Department of Geology, Southern Illinois University, Carbondale, Illinois
ABSTRACT
The rare earth elements (REE) are 
composed of the Lanthanide Series of 
15 elements with atomic numbers (57) 
through (71) and yttrium (39). Because 
of their geochemical behavior, REE 
rarely form their own minerals and 
more commonly are found incorporated 
within the structure of other miner-
als. There is growing concern over the 
economical availability of REE because 
of their diverse and expanding array of 
technological applications and limited 
supply. This paper presents the results 
of a mineralogical and geochemical 
study of fluorite ore, ultramafic rock, 
and igneous breccia from the Illinois-
Kentucky Fluorite District (United 
States). Igneous rocks and fluorite ore 
were analyzed through whole-rock trace 
element geochemistry and electron 
microscopy to determine the relative 
abundance of REE. Geochemical analy-
sis (inductively coupled plasma atomic 
emission spectroscopy and inductively 
coupled plasma mass spectrometry) 
from outcrop samples at the Sparks 
Hill Diatreme (Hardin County, Illinois) 
detected elevated concentrations of 
cerium group or light REE: lanthanum 
(La, 293 ppm), cerium (Ce, 467 ppm), 
praseodymium (Pr, 45.5 ppm), and 
neodymium (Nd, 143 ppm). Results of 
electron microprobe analyses indicate 
that the source of REE anomalies in the 
Sparks Hill Diatreme is an REE fluoro-
carbonate mineral. Electron microscopy 
detected several tabular fluorocarbon-
ate grains that are less than 20 µm in 
size and associated with an unidentified 
aluminum-strontium (Al-Sr) phosphate. 
The fluorocarbonate was identified as 
synchysite [Ca(Ce,La,Nd,Y)(CO
3
)
2
F] and 
was found in both the well-rounded 
clasts and the matrix within the dia-
treme/breccia. Synchysite is similar to 
other rare earth fluorocarbonates, such 
as parisite [Ca(Ce,La,Nd)(CO
3
)
2
F], bast-
nasite [(Ce,La,Y)CO
3
F], and rontgenite 
[Ca(Ce,La)(CO
3
)
2
F]. These fluorocarbon-
ate minerals can occur together as inter-
growths and thus are difficult to distin-
guish. The identification of a rare earth 
fluorocarbonate mineral within the 
igneous diatreme/breccia at Sparks Hill 
can have significant economic implica-
tions relating to the concentrations of 
REE within the Illinois-Kentucky Fluo-
rite District. Future studies will focus on 
the fluorite, igneous breccia, and rare 
earth fluorocarbonate through addi-
tional geochemical and electron micro-
probe analyses.
RELEVANCE OF THE STUDY
In 2010, as part of an Illinois state-
wide geologic mapping program 
(STATEMAP), a geochemical analysis 
of an igneous breccia detected 293 
ppm of lanthanum and 467 ppm of 
cerium (Denny et al. 2010). The rare 
earth element (REE) values within this 
sample were elevated, and an effort was 
undertaken to identify the source of 
the REE. The igneous breccia “Sparks 
Hill Diatreme” is located within the 
Illinois-Kentucky Fluorite District 
(IKFD) approximately 5 mi (8 km) 
northwest of Hicks Dome. Although the 
IKFD has been examined and studied 
for many years, few geologic investiga-
tions have been focused on determining 
the concentrations of REE within the 
ultramafic igneous rocks, igneous brec-
cia, and fluorite bodies of this district. 
This paper presents geochemical and 
electron microprobe results of REE and 
other trace elements from fluorite ore 
and igneous rocks associated with Hicks 
Dome in southeastern Illinois. These 
data are preliminary, but because of 
the apparent elevated REE values and 
the present interest in these elements, 
the preliminary results are presented 
to focus future research and mineral 
exploration efforts. The authors are con-
tinuing to investigate these rocks and 
ideally will provide additional quantita-
tive analyses.
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INTRODUCTION TO RARE 
EARTH ELEMENTS
Rare earth elements are becoming 
increasingly important for high-technol-
ogy applications because of their physi-
cal and chemical nature. These “high-
tech” elements are being utilized in 
various military systems, making such 
elements important to the defense of the 
United States. Locating REE resources 
within the United States will be critical 
to the strategic defense of the United 
States and for the economic viability of 
emerging technologies that rely on these 
resources. Economic concentrations of 
rare earth minerals have been detected 
worldwide in association with alkaline 
igneous activity, carbonatite systems, 
coastal placers, and hydrothermal 
systems. Long et al. (2010) provided an 
updated review of all known REE depos-
its within the United States and cited 
Hicks Dome in Illinois as a potential 
economic resource.
The REE are yttrium (atomic number 39) 
and the lanthanides, which are 15 ele-
ments from lanthanum (57) to lutetium 
(71) (Henderson 1996). In general, the 
larger the atomic number, the smaller 
the concentration of the particular REE 
within the upper portion of the earth’s 
upper crust. The REE are generally sub-
divided based on their atomic numbers. 
The light REE (LREE), also called the 
“cerium group,” include lanthanum (57) 
to europium (63). The heavy REE (HREE) 
include gadolinium (64) to lutetium 
(71) and are called the “yttrium group.” 
Although yttrium is not normally con-
sidered an HREE, it is usually grouped 
with the HREE because of their chemical 
and physical similarities. The estimated 
average abundance of REE for the upper 
continental crust is given graphically 
in Figure 1. Promethium (61), a highly 
radioactive element with a short half-
Figure 1 Graphical representation of the average concentrations of rare earth elements (REE) in the upper crust from 
Taylor and McLennan (1985) and the average concentrations of REE in chondrite or “stoney” meteorites from Wakita et al. 
(1971).
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life, exists only as a temporary inter-
mediate product in the decay of other 
radioactive elements and is omitted 
from REE data sets. The graphical repre-
sentation of these data sets exhibits an 
obvious “high–low” oscillation, which 
stems from even-atomic-numbered 
REE having a greater relative stability 
of the nuclei as compared with odd-
atomic-numbered REE. This oscillation 
is referred to as the Oddo–Harkins effect 
(Henderson 1996). To normalize and 
smooth the data, graphical representa-
tions are normalized by using chondritic 
REE concentrations and plotted on a 
logarithmic scale.
Rare earth elements have been reported 
to occur within halides such as fluorite, 
fluorocarbonates, oxides, phosphates, 
silicates, iron ore, and other chemi-
cal forms. In silicate melt systems, the 
large ionic size of the rare earth ions 
precludes their entry into most minerals 
to any significant extent. Therefore, REE 
tend to be concentrated in the melt and 
may become increasingly concentrated 
through fractional crystallization (Hen-
derson 1996). Certain minerals in basic 
igneous melts will readily accept the 
REE into their structure, such as garnet, 
apatite, fluorite, titanite, and perovskite, 
but normally only at concentrations of 
a few percent. Additionally, REE are not 
easily concentrated and are relatively 
immobile through most natural pro-
cesses.
REGIONAL GEOLOGY OF 
THE STUDY AREA
The study area is located at the south-
ern end of the Illinois Basin in extreme 
southeastern Illinois. Lower to Middle 
Pennsylvanian sandstone, shale, and 
coal dip gently at two to three degrees 
northerly into the basin. Upper Mis-
sissippian rocks are present beneath a 
regional Pennsylvanian-Mississippian 
unconformity. These Mississippian 
(Chesterian Series) units are composed 
of alternating layers of limestone, 
sandstone, and shale and grade down-
ward into a relatively siliciclastic-free 
lower part of the middle Mississippian 
(Valmeyeran Series) limestone and 
dolostone sequence. The lowermost Mis-
sissippian units are composed of dark 
gray to black shale of the New Albany 
Group, which extends into the Upper 
Devonian. Below the New Albany Shale, 
silicified limestone and dolomite of the 
Middle Devonian are present. Compli-
cating these stratigraphic sequences 
are Permian Age ultramafic intrusions, 
diatremes, dikes, and sills, which have 
created domes and a regional structural 
arch. A broad regional arch uplifts the 
Mississippian strata along the Ohio 
River in southeastern Illinois and north-
western Kentucky. The regional arch is 
named the Kutawa (Heyl et al. 1965) or 
Tolu (Bradbury and Baxter 1992), and 
igneous dikes and sills and igneous 
breccia are documented along its axis 
from Kentucky and into southeastern 
Illinois. Hicks Dome lies approximately 
in the center of this regional igne-
ous complex in northwestern Hardin 
County, Illinois (Figure 2). Hicks Dome 
is mapped as a crudely shaped oval that 
is elongated in a northwest–southeast 
direction. Lower to Middle Devonian 
sedimentary rocks outcrop at the center 
with younger Mississippian rocks, dip-
ping away from the center of the oval 
dome (Figure 3). Concentric and radial 
faults are present along with younger 
northeast-trending normal faults, which 
offset the structural fabric of the dome. 
Baxter and Desborough (1965) estimated 
vertical uplift on sedimentary units at 
Hicks Dome to be 4,000 ft (1,200 m) and 
the diameter of the uplift to be 10 mi (16 
km). Previous authors have commonly 
referred to the feature as cryptovolca-
nic, but Hicks Dome is properly termed 
a cryptoexplosion feature because 
no associated volcanic extrusive rock 
is documented in the region (Nelson 
1995). Explosive autolithic breccia pipes 
and diatremes are present in several 
localities along the axis of the igneous 
complex, and the explosive activity was 
recognized by Brown et al. (1954). These 
igneous rocks contain magnetite and 
can usually be modeled through geo-
physical techniques. The Coefield Mag-
netic Anomaly (Hildenbrand et al. 1995) 
and several additional magnetic anoma-
lies were delineated through gravity 
and magnetic geophysical techniques. 
These magnetic anomalies were inter-
preted by Hildenbrand et al. (1995) as 
being related to postreactivation along 
the Wabash Valley Fault Zone along the 
northern margin of the Reelfoot Rift. 
Additionally, several periods of struc-
tural deformation occurred in the area, 
and this region has been called the most 
complexly faulted zone in the North 
American Midcontinent (Nelson 1995).
ILLINOIS-KENTUCKY 
FLUORITE DISTRICT
Over 7 million tons of fluorite have been 
mined from the IKFD during the last 170 
years (Goldstein and Williams 2008). 
At present, no substantial fluorite pro-
duction is occurring within the United 
States. The ore within the IKFD is pre-
dominantly fluorite, with lesser amounts 
of sphalerite, barite, and galena. 
Although fluorite is predominant, some 
bedding replacement deposits carry 
15% sphalerite, and some sphalerite 
concentrates are reported to contain 1% 
cadmium (Trace 1974). Fluid inclusions 
in fluorite showed that the main stage 
ore fluid temperature was 140 to 153 °C 
(Richardson and Pinckney 1984), and 
some exhibited annealing temperatures 
well below 100 °C. Several documented 
attempts have been made to date the age 
of the fluorite mineralization. Symons 
(1994) proposed a late Jurassic date of 
fluorite mineralization based on paleo-
magnetic analysis of the host rocks. 
Chesley et al. (1994) reported an early 
Permian date [277 ± 16 million years 
(Ma)] by using a samarium-147/neo-
dymium-144 (147Sm/144Nd) isochron for 
fluorite. Ruiz et al. (1988), using stron-
tium isotope data, reported an early 
Jurassic date. Harder, in 1987 (as cited 
in Symons 1994), reported an age date 
that straddled the Jurassic-Cretaceous 
boundary (135.7 ± 4.5 Ma and 140.6 ± 4.7 
Ma) based on fission track techniques on 
fluorite. Brannon et al. (1996) reported a 
lower Jurassic date (195 Ma) when using 
uranium-lead (U-Pb) and thorium-lead 
(Th-Pb) on ore-stage calcite.
These deposits have been classified as 
Mississippi Valley-type (MVT) because 
of the ore minerals; their strata-bound 
nature; and the temperature of forma-
tion, salinities of ore fluids, and other 
geochemical factors (Heyl et al. 1974). 
The spatial orientation of the IKFD and 
the Tolu Arch suggests a genetic rela-
tionship between the Permian ultra-
mafic activity and the fluorite mineral-
ization within the IKFD. Mineralization 
within the IKFD probably resulted from 
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Figure 2 Location of the Illinois-Kentucky Fluorite District, southern Illinois and northwestern Kentucky, and regional tectonics 
of the study area (adapted from Denny et al. 2008).
an acidic brine fluid that was charged 
with fluorine and carbon dioxide (CO
2
)-
rich gases produced through degassing 
of the regional alkaline igneous activity 
(Plumlee et al. 1995). Although the IKFD 
has been described as an MVT deposit, 
it is an unusual example of this classifi-
cation because of numerous vein-type 
mineral deposits and the association of 
an underlying regional igneous event. 
Mineralization within the IKFD is prob-
ably best described as a fluoritic subtype 
of an MVT and may be classified as 
epithermal. Although the igneous intru-
sions may not have been important as a 
heat source, they probably supplied the 
fluorine for the MVT ore solutions.
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REGIONAL IGNEOUS 
ACTIVITY
Radiometric Age Determinations 
of Igneous Rocks in the Study 
Area
Reynolds et al. (1997) reported radio-
metric argon-40/argon-39 (40Ar/39Ar) 
age dates of 272.7 ± 0.7 Ma for the Grant 
intrusive breccia (Hardin County, Illi-
nois). Fifarek et al. (2001) reported the 
40Ar/39Ar radiometric age determina-
tions on phlogopite from the Davenport 
Mine Dike (Kentucky) as 271.0 ± 0.3 Ma 
and the Hutson Mine Dike (Kentucky) 
as 267.8 ± 1.3 Ma, and they suggested 
the igneous activity along the Tolu Arch 
was probably related to extension of the 
North American plate during the Perm-
ian through partial melting of the upper 
mantle. Radiometric 40Ar/39Ar age deter-
minations on phlogopite from the Cot-
tage Grove Dike (Saline County, Illinois) 
yielded an apparent age of 269.61 ± 0.39 
Ma (Denny 2005).
Previous Geochemical Analyses 
and Studies of Igneous Rocks in 
the Study Area
Currier (as cited in Weller 1920) de-
scribed three types of igneous rocks in 
the region: Type 1, fine-grained, dark-
colored “trap” or lamprophyre; Type 2, 
medium-grained, dark-colored, mica-
peridotite; and Type 3, volcanic breccia. 
The author stated that all three types are 
highly altered, making precise identifi-
cation difficult. The lamprophyre (Type 
1) is composed of phlogopite, pyroxene 
altered to serpentine, and apatite, all 
encased in a matrix of secondary calcite. 
The mica peridotite (Type 2) is com-
posed of olivine and pyroxene crystals 
largely altered to serpentine, phlogo-
pite, iron oxides, and obscure alteration 
products. The volcanic breccia (Type 3) 
is composed of angular to rounded igne-
ous and sedimentary rock, fragments of 
feldspar, quartz, and abundant altera-
tion material.
Brown et al. (1954) studied drill core 
from Hicks Dome and described the 
igneous breccia as explosion breccia. 
These authors were the first to identify 
the volatile component and relate the 
explosive nature of these breccia pipes 
to the Hicks Dome structure.
Bradbury et al. (1955) investigated and 
reported on the concentration of ura-
nium and the radioactivity within sam-
ples of clay, breccia, and fluorite from 
an approximately 4-mi2 (10-km2) area at 
the apex of Hicks Dome and scattered 
at other locations throughout south-
eastern Illinois. Although the source of 
the radioactivity was unresolved, the 
authors came to two conclusions: (1) the 
radioactivity was not associated with the 
deposition of fluorite within the IKFD, 
and (2) the source of radioactivity could 
be associated with hydrothermal activ-
ity or the black shale of the New Albany 
Group. Two peridotite dikes sampled 
were moderately radioactive, as were the 
drill cuttings from the Hamp Well explo-
sion breccia. The authors stated that the 
radioactivity within the clay is related to 
groundwater that probably derived the 
uranium from the black shale of the New 
Albany Group. The authors also postu-
lated that hydrothermal solutions cre-
ated some concentration of radioactive 
material near the crest of Hicks Dome. 
The radioactivity was calculated as per-
centage of triuranium octoxide (U
3
O
8
), 
and values ranged from almost zero for 
the fluorite ore to 0.02% for clays at the 
crest of Hicks Dome. The black shale of 
the New Albany Group averaged 0.006% 
U
3
O
8
.
Clegg and Bradbury (1956) described the 
igneous rocks of southern Illinois and 
their economic significance. Although 
their study was primarily related to the 
effects these dikes and sills had on the 
Pennsylvanian coals, the study contains 
an excellent overview of their composi-
tion. A map of the areal extent of known 
igneous bodies in southeastern Illinois 
is included with the report. Optical 
petrographic analyses were conducted, 
but no geochemical analyses were pre-
sented.
Trace (1960) further investigated a 
location where Bradbury et al. (1955) 
reported elevated radioactivity. Results 
from trenching and shallow diamond 
drilling at Hicks Dome (sec. 30, T11S, 
R8E) revealed a 10-ft-wide (3-m-wide) 
“tabular mass” striking N24° W dipping 
N85° SE. The tabular body was reported 
by Trace to extend over 100 ft (30 m) 
down and over 260 ft (80 m) along the 
strike. Semiquantitative results indi-
cated elevated concentrations of REE 
and thorium. The rare earth mineral was 
tentatively identified as a thorium-bear-
ing rare earth phosphate. Preliminary 
X-ray diffraction studies determined 
that the mineral appeared to have the 
monazite structure, but the authors 
stated the atomic cell size appeared to 
be slightly smaller than monazite. The 
smaller atomic cell size of the sample 
was attributed to the high yttrium 
content, and the author suggested this 
mineral was relatively unfractionated or 
primitive. Quantitative spectrographic 
analysis of a handpicked “monazite” 
(?) crystal indicated the following 
REE oxide values (weight percentage): 
cerium, 16%; lanthanum, 11%; neodym-
ium, 6%; samarium, 2%; gadolinium, 
1.5%; praseodymium, 2.5%; dysprosium, 
1.5%; yttrium, 4.2%; and thorium, 4.4%. 
Trace (1960) also reported that floren-
cite (cerium-aluminum phosphate) was 
present associated with the monazite.
Baxter and Bradbury (1980) investigated 
drill cuttings at Hicks Dome from depths 
of 1,730 to 1,745 ft below the surface 
from the Henry Hamp Jr. Well #1 (Trace 
1960). The authors separated small 
100-µm tabular, euhedral to subhedral 
crystals. These crystals were identified 
as bertrandite [Be
4
(Si
2
O
7
)(OH)
2
] through 
the use of X-ray diffraction analyses and 
optical measurements in oil immer-
sions. Bertrandite was identified within 
the well cuttings and within a shale 
breccia dike along the west edge of Hicks 
Dome.
The igneous Type 1 and Type 2 variet-
ies of Currier (as cited in Weller 1920) 
were studied by Lewis and Mitchell 
(1987), Sparlin and Lewis (1994), Denny 
et al. (2002), and Denny (2005). These 
ultramafic porphyritic rocks contained 
primary olivine (altered to serpentine), 
phlogopite, and pyroxene, with lesser 
amounts of apatite, magnetite, chromite, 
perovskite, sphene (titanite), garnet, 
chlorite, and carbonate. All investi-
gations concluded these rocks were 
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Table 1 Microprobe quantitative analyses of perovskite from the Cottage Grove Dike, Saline County, Illinois, 
showing rare earth element values (Denny 2005)1
Sample
Sample ID
7_2 7_3 7_4 7_5 7_6 7_7 7_8 1_1cor
Nb2O5 0.34 0.29 0.32 0.51 0.46 0.40 0.28 0.50
SiO2 0.04 0.04 0.05 0.10 0.06 0.13 0.04 0.06
TiO2 55.53 55.06 55.29 54.95 55.47 55.23 55.00 55.42
Al2O3 0.22 0.24 0.23 0.19 0.21 0.23 0.22 0.20
Y2O3 0.01 0.00 0.01 0.04 0.05 0.03 0.01 0.05
La2O3 0.29 0.29 0.39 0.26 0.29 0.24 0.26 0.33
Ce2O3 0.72 0.85 1.01 0.67 0.69 0.86 0.94 0.55
MgO 0.04 0.04 0.04 0.03 0.03 0.04 0.04 0.05
CaO 39.40 38.54 38.18 38.88 38.55 39.07 38.64 38.94
MnO 0.02 0.05 0.00 0.04 0.00 0.04 0.05 0.01
FeO 1.28 1.53 1.26 1.45 1.40 1.32 1.53 1.32
SrO 0.17 0.17 0.15 0.23 0.22 0.18 0.13 0.21
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 98.06 97.10 96.93 97.35 97.43 97.77 97.14 97.64
                 
Sample 1_2cor 1_2rim 1_3cor 1_3rim 1_4cor 1_4rim 1_5cor 1_5rim
Nb2O5 0.43 0.51 0.41 0.47 0.48 0.44 0.29 0.40
SiO2 0.05 0.06 0.24 0.09 0.08 0.08 0.06 0.08
TiO2 55.71 55.71 55.90 55.27 55.62 55.35 55.31 55.13
Al2O3 0.21 0.17 0.22 0.21 0.21 0.20 0.24 0.23
Y2O3 0.04 0.02 0.05 0.06 0.03 0.03 0.02 0.04
La2O3 0.14 0.13 0.29 0.25 0.25 0.21 0.35 0.19
Ce2O3 0.24 0.26 0.46 0.28 0.31 0.32 0.95 0.49
MgO 0.04 0.03 0.11 0.06 0.06 0.06 0.06 0.06
CaO 39.31 39.45 38.58 39.43 39.47 39.06 38.96 39.33
MnO 0.04 0.01 0.00 0.04 0.02 0.04 0.03 0.02
FeO 1.26 1.16 1.21 1.40 1.23 1.23 1.41 1.26
SrO 0.19 0.26 0.22 0.24 0.19 0.21 0.17 0.23
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 97.66 97.77 97.69 97.80 97.95 97.23 97.85 97.46
1All values are weight percentages. Analysis performed at Texas A&M University with a Cameca SX50 electron microscope.
properly classified as alnöite. Alnöite is 
an ultrabasic lamprophyre composed 
primarily of biotite with or without oliv-
ine, melilite, carbonate, and commonly 
perovskite. Alnöite is a silica-deficient 
igneous rock that may grade into kim-
berlite with an increase in forsterite and 
diminution of augite, or into carbonatite 
with an increase of carbonate (Wil-
liams et al. 1982). Lewis and Mitchell 
(1987) suggested that similar igneous 
intrusions along the Reelfoot Rift were 
part of a large alnöite province, which 
they called the Wauboukigou Province. 
Denny (2005) analyzed several minerals 
by using electron microscopic quantita-
tive techniques. The rims and cores of 
several perovskite crystals from the Cot-
tage Grove Dike in Saline County were 
characterized by electron microscopy 
to contain about 1% REE (Table 1). This 
study also identified a pelletal-lapilli 
texture in a few samples. The pelletal-
lapilli texture was speculated to be a 
result of the explosive release of volatiles 
into the atmosphere (Denny 2005). This 
explosive vent is located approximately 
20 mi (32 km) north of Hicks Dome and 
indicates that venting of the regional 
ultramafic body occurred in several 
locations.
Bradbury and Baxter (1992) studied the 
Type 3 “volcanic” variety of Currier (as 
cited in Weller 1920) at the apex of Hicks 
Dome. The clast geometry and composi-
tion of the breccia bodies led Bradbury 
and Baxter to three classifications: (1) 
vent breccias, (2) carbonatitic breccias, 
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and (3) shatter breccias. The shatter 
breccias are dike-like intrusive bodies 
containing angular to subrounded 
clasts of country rock that were ripped 
up and shattered in places with little 
vertical ascent. Carbonatitic breccias 
are composed of both igneous and sedi-
mentary clasts set in a matrix of igneous 
carbonate. Bradbury and Baxter (1992) 
theorized that this style of breccia was 
a result of explosive release of CO
2
-rich 
gas exsolving from an alkaline ultra-
mafic magma at depth. Vent breccias are 
described as bodies of indeterminate 
form, usually silicified, that may contain 
sedimentary fragments originating from 
great depths. Although Bradbury and 
Baxter performed major oxide and trace 
element analyses of this breccia, the 
samples were not analyzed for REE.
Jackson and Christiansen (1993) esti-
mated that 62,000 metric tons of rare 
earth oxides were present at Hicks Dome 
associated with the low-grade monazite 
mineralization previously identified by 
Trace (1960). Long et al. (2010) reported 
that REE mineralization was present in 
breccia associated with fluorite, calcite, 
pyrite, sphalerite, and galena, and they 
speculated these minerals are present at 
depths of approximately 3,000 ft (1,000 
m) under the center of Hicks Dome.
PROCEDURES FOR THIS 
INVESTIGATION
Samples of igneous breccia and fluo-
rite ore were collected in 2010 and 
2011 (Figure 3). These samples were 
examined through standard optical 
techniques, and several samples were 
selected for geochemical analyses 
and electron microprobe analyses. 
The methods of each procedure are 
described below.
Geochemical Analyses
All geochemical analyses were per-
formed at ALS Chemex (Reno, Nevada). 
The samples were analyzed through 
inductively coupled argon plasma-
atomic emission spectroscopy (ICP-AES) 
and inductively coupled argon plasma-
mass spectrometry (ICP-MS). The geo-
chemical procedures from ALS Chemex 
for ICP-AES and ICP-MS (information 
supplied by ALS Chemex, exploration 
geochemistry) are as follows:
In plasma emission spectroscopy, a 
sample solution is introduced into 
the core of inductively coupled argon 
plasma (ICP) at a temperature of 
approximately 8,000 °C. At this tem-
perature, all elements become ther-
mally excited and emit light at their 
characteristic wavelengths. This light 
is collected by the spectrometer and 
passes through a diffraction grating 
that serves to resolve the light into 
a spectrum of its constituent wave-
lengths. Within the spectrometer, this 
diffracted light is then collected by 
wavelength and amplified to yield an 
intensity measurement that can be 
converted to an elemental concentra-
tion by comparison with calibration 
standards. This measurement process 
is a form of atomic emission spectros-
copy (AES).
In plasma mass spectroscopy, the 
ICP is once again used as an excita-
tion source for the elements of inter-
est. However, in contrast to plasma 
emission spectroscopy, the plasma in 
ICP-MS is used to generate ions that 
are then introduced to the mass spec-
trometer. These ions are separated 
and collected according to their mass 
to charge ratios. The constituents of 
an unknown sample can then be iden-
tified and measured. ICP-MS offers 
extremely high sensitivity to a wide 
range of elements.
Petrographic Analyses
Thin sections were cut from several of 
the igneous rocks and breccia at the 
Illinois State Geological Survey (ISGS)
Core Laboratory. The thin sections 
were studied with a polarizing micro-
scope, and several digital images were 
collected. A few minerals could be 
identified through these microscopic 
examinations, but the source of the REE 
mineralization could not be verified. It 
was determined that electron micros-
copy would offer the resolution needed 
to determine the source of the REE.
Microprobe Analyses
Electron microprobe analyses were 
conducted under the direction of Renald 
Guillemette at the Electron Microprobe 
Laboratory at Texas A&M University in 
College Station. The electron microprobe 
emits an electron beam that travels in 
an evacuated column through a series 
of magnetic lenses designed to focus 
the electrons to a very fine spot. As the 
electron beam hits a spot on the sample, 
secondary electrons are generated from 
the surface. The energy produced results 
from electron transitions from outer 
to inner atomic orbital sites. Near the 
bottom of the column, a set of scanning 
coils moves the focused beam back and 
forth across the specimen. A detector 
counts the electrons and sends a signal 
to an amplifier. The backscattered elec-
tron image is built up from the number 
of electrons emitted from each spot on 
the sample, yielding an image of the sec-
tion viewed on a computer monitor that 
can be downloaded for printing. The 
image is grayscale, but image process-
ing utilizing grayscale threshold values 
and applying color values can create a 
false-color image. The electron transi-
tions are accompanied by a release of 
electromagnetic radiation and fluores-
cent X-rays. An X-ray analyzer is capable 
of acquiring an energy-dispersive X-ray 
spectrum of the sample. A quantitative 
analysis can be performed by compar-
ing standards of known composition.
RESULTS OF 
INVESTIGATIONS
Geochemical Analyses (ICP-MS 
and ICP-AES)
Ten samples were submitted for geo-
chemical analyses. These samples are 
described below, the results of geo-
chemical analyses are given in Table 2, 
and sample locations are given in Figure 
3. The samples were either fluorite ore or 
Permian igneous intrusions.
Sample PWL-01 was collected from 
an underground coal mine in Saline 
County, Illinois. This sample was 
obtained at the Peabody Willow Lake 
Coal Mine from the edge of a vertical 
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Table 2 Geochemical analyses for rare earth elements (REE), trace elements, and whole rock of igneous rocks and fluorite ore samples 
from southeast Illinois1
Ultramafic igneous types and diatremes Fluorite and ore-stage calcite
PWL-01 Ham-01 He-01 He-will-01 KR-3 Fsb-38 KR-1 KR-2 Cr-01 He-HD-01
REE
La 84.00 88.50 74.30 70.70 293.00 290.00 3.90 30.20 1.10 1.20
Ce 157.50 173.50 123.00 128.00 467.00 535.00 11.00 79.60 1.50 2.00
Pr 17.55 19.70 13.35 13.20 45.50 61.00 1.87 10.95 0.20 0.32
Nd 64.20 75.40 44.90 45.90 143.00 228.00 9.20 48.00 1.00 1.90
Sm 10.75 13.35 7.07 7.43 17.55 37.60 2.56 11.95 0.47 0.61
Eu 3.12 3.64 2.01 2.02 4.27 9.93 1.20 5.62 0.20 0.31
Gd 9.82 8.50 6.69 4.43 17.15 22.90 2.72 11.50 1.11 0.94
Tb 1.08 1.17 0.78 0.76 1.70 3.11 0.36 1.94 0.17 0.13
Dy 4.35 5.34 3.87 4.14 6.70 15.70 2.09 11.05 0.97 0.71
Ho 0.75 0.87 0.80 0.78 1.30 2.68 0.39 2.56 0.18 0.13
Er 1.87 1.83 2.14 1.99 3.59 5.82 0.90 7.16 0.40 0.26
Tm 0.15 0.24 0.25 0.30 0.38 0.78 0.07 1.09 0.03 0.01
Yb 1.09 1.19 1.84 2.03 2.47 4.21 0.51 7.31 0.17 0.12
Lu 0.11 0.16 0.25 0.30 0.33 0.52 0.04 1.00 0.02 0.01
Y 17.30 20.80 19.10 19.80 29.90 67.90   16.00 94.20 17.50 14.80
REE 
total 
(ppm)
373.64 414.19 300.35 301.78 1,033.84 1,285.15 52.81 324.13 25.02 23.45
Trace 
element
Ag 2.00 <1.00 10.00 <1.00 3.00 <1.00 8.00 <1.00 <1.00 <1.00
Ba 592.00 1,075.00 806.00 944.00 597.00 1,515.00 18.00 19.80 319.00 3.10
Co 58.90 73.40 4.40 3.90 15.30 40.50 1.90 1.10 0.90 0.80
Cr 860.00 770.00 30.00 20.00 30.00 160.00 20.00 10.00 10.00 <10.00
Cs 1.10 1.02 1.45 1.58 0.77 5.92 0.03 0.11 0.15 0.03
Cu 37.00 100.00 <5.00 59.00 9.00 70.00 269.00 1,170.00 <5.00 <5.00
Ga 13.20 15.20 31.70 34.90 13.50 19.00 0.50 1.40 0.50 0.20
Hf 6.20 5.70 21.20 22.70 7.00 15.90 0.40 0.60 <0.20 0.80
Mo 2.00 7.00 5.00 4.00 3.00 <2.00 <2.00 <2.00 <2.00 <2.00
Nb 118.50 133.00 603.00 573.00 155.00 231.00 3.30 2.70 2.80 1.40
Ni 384.00 401.00 14.00 12.00 16.00 60.00 17.00 9.00 <5.00 <5.00
Pb 52.00 12.00 21.00 18.00 59.00 19.00 >10,000 238.00 <5.00 <5.00
Rb 45.80 78.80 106.50 140.50 35.40 134.00 1.50 4.10 3.30 0.60
Sn 2.00 2.00 2.00 3.00 2.00 4.00 <1.00 4.00 <1.00 <1.00
Sr 482.00 470.00 848.00 765.00 1,315.00 3,040.00 161.00 203.00 98.10 32.20
Ta 6.80 7.70 21.80 22.30 5.80 14.40 0.20 <0.10 0.10 <0.10
Th 9.58 11.35 38.00 43.40 13.80 20.60 0.31 1.06 0.66 0.20
Tl <0.50 0.90 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50
Continued on next page
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ultramafic igneous dike that was about 
10 ft (3 m) wide. This sample was a light 
gray fine-grained lamprophyre. The 
sample was highly altered, and calcite 
was the predominant mineral observed 
in the hand sample. Petrographic exam-
inations revealed that the sample was 
completely altered. Outlines of prismatic 
laths were observed but were completely 
altered to calcite. Some chlorite and 
serpentine were also observed, and the 
sample was fine to very fine grained. 
Sample He-01 was collected from an 
outcrop of an igneous breccia/diatreme 
in Pope County, Illinois. This feature was 
not well exposed, but several cobbles 
and small boulders were present along 
a ravine and near the top of a small 
hill. The sample selected for analyses 
was an ultramafic cobble found along 
the stream. The ultramafic rock is dark 
green, highly altered, and moderately 
weathered or oxidized. Several milli-
meter-sized angular clasts of fluorite 
enclosed in the fine-grained matrix were 
observed in several additional cobbles. 
The spatial extent and geometry of this 
feature are not known, but a project is 
being conducted as part of an M.S. thesis 
at Southern Illinois University to docu-
ment the areal extent and geometry of 
this feature. Sample KR-1 was composed 
of low-grade fluorite ore from an aban-
doned underground mine. This sample 
contained calcite, galena, and purple 
fluorite and was collected from sur-
face tailings at the Lee Mine in Hardin 
County. Sample KR-2 was from an explo-
ration pit associated with the abandoned 
Lacey Mine south of Hicks Dome. This 
sample was composed of calcite, purple 
fluorite, and minor green copper oxida-
tion minerals. The sample was consid-
ered low-grade fluorite ore. Sample KR-3 
was from the Sparks Hill Diatreme west 
of Hicks Dome. This sample was an auto-
lithic breccia or diatreme and contained 
several well-rounded clasts of siliceous 
“quartz” and unidentified autolithic 
clasts. Some pyrite was also observed 
in some of the clasts. The matrix was 
fine-grained and could not be resolved 
Ultramafic igneous types and diatremes Fluorite and ore-stage calcite
PWL-01 Ham-01 He-01 He-will-01 KR-3 Fsb-38 KR-1 KR-2 Cr-01 He-HD-01
U 2.46 2.94 17.95 21.30 5.55 7.95 0.07 0.24 0.47 0.07
V 315.00 280.00 57.00 55.00 135.00 237.00 10.00 9.00 8.00 <5.00
W 1.00 2.00 2.00 3.00 3.00 12.00 1.00 1.00 1.00 1.00
Zn 45.00 345.00 135.00 127.00 107.00 203.00 <5.00 <5.00 12.00 <5.00
Zr 244.00 257.00 1,340.00 1,490.00 310.00 972.00   21.00 28.00 10.00 42.00
Whole 
rock
SiO2 17.50 32.30 53.10 53.80 36.90 24.70 6.87 12.75 3.91 0.52
Al2O3 6.16 6.45 18.35 19.00 7.32 5.40 0.09 0.53 0.52 0.15
Fe2O3 7.28 13.45 3.65 3.88 7.01 13.80 0.31 0.57 0.32 0.06
CaO 29.00 13.60 2.67 2.63 15.20 20.00 52.90 50.00 65.30 66.60
MgO 5.30 15.45 1.04 1.09 5.80 7.84 0.21 0.31 1.21 0.01
Na2O 0.28 0.22 8.58 8.08 2.13 1.48 0.02 0.02 0.07 0.04
K2O 0.98 2.07 4.11 4.70 1.42 3.79 0.01 0.14 0.08 0.03
Cr2O3 0.13 0.11 <0.01 <0.01 0.01 0.02 <0.01 <0.01 <0.01 <0.01
TiO2 3.64 3.93 0.44 0.47 1.19 3.25 0.02 0.04 0.02 <0.01
MnO 0.26 0.20 0.19 0.19 0.20 0.35 0.04 0.07 0.01 <0.01
P2O5 0.81 0.86 0.22 0.23 0.79 2.79 0.04 0.01 0.05 0.03
SrO 0.06 0.06 0.11 0.09 0.17 0.39 0.02 0.03 0.01 <0.01
BaO 0.07 0.12 0.09 0.10 0.07 0.17 <0.01 <0.01 0.04 <0.01
LOI 27.40 9.77 6.49 4.99 21.40 14.95   32.20 36.70 4.65 0.70
Total 
wt%
98.90 98.60 99.00 99.30 99.60 98.90 92.70 101.00 76.10 68.10
F % 0.15 0.39 0.15 0.14 0.10 0.76 7.47 1.33 ** **
1Samples analyzed by ALS Chemex (Reno, NV). REE and trace elements analyzed by ICP-MS (values ppm); < indicates less than the detection limit. Whole 
rock analyzed by ICP-AES (values wt%); < indicates less than the detection limit; ** indicates not able to certify the results. LOl indicates loss on ignition.
Table 2 Continued.
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20 × 20 mm
area 1
area 2
area 4
area 3
Figure 4 Polished section of sample KR-3 showing the locations of electron microprobe investigations.
through standard petrographic tech-
niques. Sample Fsb-38 was from a drill 
core near the center of Hicks Dome. 
The sample was an ultramafic igneous 
rock that was recovered from over 3,000 
ft (1,000 m) below the surface. Sample 
Ham-01 was from an Illinois Depart-
ment of Transportation drill core from 
a bridge boring along Illinois Route 142 
in Saline County, 2 mi (3.2 km) north of 
Eldorado, Illinois. The drillers encoun-
tered this sample beneath a few feet of 
soil. It is suspected this sample was from 
an ultramafic igneous dike. Sample He-
will-01 was from the Williams diatreme, 
also called Hart Creek Breccia. A sample 
from this diatreme was collected in 
2010 and labeled He-01. This diatreme 
was particularly interesting because of 
the angular chips of fluorite embedded 
within the lamprophyre. The second 
sample from this location also allowed 
the precision of the geochemical analy-
ses to be compared. Sample He-HD-01 
was clear or colorless fluorite found at 
the surface near the northwestern por-
tion of Hicks Dome. This sample was 
high-grade fluorite ore, most likely acid 
grade. Sample CR-01 was banded fluo-
rite ore (“coon-tail ore”) from the Hastie 
Quarry in Hardin County near Cave-in-
Rock, Illinois. This sample was also very 
high grade fluorite ore.
Electron Microscopy
Sample KR-3 was selected for additional 
analyses because of relatively large 
REE values (Table 2). Sample KR-3 was 
from the Sparks Hill Diatreme in the 
Karbers Ridge Quadrangle (Figure 3). 
The sample was composed of rounded 
to subangular clasts of country rock 
set in a fine-grained gray to tan matrix 
(Figure 4). Clasts appeared to be mostly 
from sedimentary rocks and were white 
quartz and black shale, along with other 
altered unidentifiable clasts. These 
clasts ranged from 0.5 mm to more than 
10 mm in diameter, and coronas and 
reaction rims were apparent on some of 
these well-rounded clasts. The sample 
was moderately oxidized, with brown-
ish iron oxides on the weathered surface 
of the samples. A few clasts of igneous 
rock were observed in other samples 
from this outcrop, and some of the well-
rounded clasts contained pyrite on frac-
tures. Cerium and lanthanum values 
from the geochemical analyses were 
467 and 293 ppm, respectively. Electron 
microprobe analysis was conducted to 
determine the source of these relatively 
high REE concentrations. The sample 
was first scanned with a Cameca SX50 
electron microprobe at the Electron 
Microprobe Laboratory at Texas A&M 
University to determine the mineral-
ogy of the sample. The locations of the 
microprobe analyses are outlined in 
Figure 5, with the large square box (20 × 
20 mm) defining the limits of the prelim-
inary backscattered electron imagery. 
Energy-dispersive spectrometry identi-
fied four areas on this sample that con-
tained REE, but the sizes of these grains 
were less than 20 µm. Area 1 contained 
a well-rounded clast approximately 
1 mm in diameter (Figure 5). Energy-
dispersive spectrometry indicated that 
the light-colored platy mineral within 
the boxed area on Figure 5 contained 
lanthanum. This area was magni-
fied, and quantitative analyses were 
obtained from five locations (Figure 
6). The results of these analyses from 
areas 1, 2, 3, and 4 are given in Table 3. 
The results indicated the source of the 
REE detected in the whole-rock analy-
sis was a rare earth fluorocarbonate 
that was scattered throughout the rock. 
This fluorocarbonate contained more 
cerium than calcium and had a greater 
than 2:1 ratio of rare earth carbonate to 
calcium carbonate. This mineral was 
identified as synchysite [Ca(Ce,La,Nd,Y)
(CO
3
)
2
F] through electron microprobe 
quantitative analyses and stoichiomet-
ric calculations. Synchysite is similar to 
88
Figure 6 Enlargement of area 1 on Figure 5 showing platy synchysite and 
locations of microprobe analyses of A1b points (pt01–pt05) in Table 3.
Backscattered electron image, 90×
Grayscale image of polished section (KR-3)
Sparks Hill Diatreme (Hardin County, Illinois)
area 1
area 2
area 4
area 3
0 5 10 mm
Figure 5 Box at the right side is a grayscale image of sample KR-3 from Figure 4. Rectangles outline 
locations of electron microprobe analyses. The box at the left side of the figure is a backscattered electron 
image of area 1. The rectangle on the backscattered electron image shows the location of synchysite and 
the location of Figure 6.
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Table 3 Microprobe analyses of selected points of suspected synchysite grains1
Analysis Ce2(CO3)3 La2(CO3)3 Nd2(CO3)3 Pr2(CO3)3 Y2(CO3)3 CaCO3 Sr Fe F
[−] 
F−-CO3
Total 
(wt%)
A1b_pt01 34.22 14.66 13.82 4.68 2.28 29.84 0.00 1.57 3.65 11.54 93.18
A1b_pt02 35.69 17.63 12.27 4.80 1.66 32.15 0.06 1.03 4.72 14.90 95.10
A1b_pt03 38.07 18.46 14.01 5.22 2.11 32.61 0.17 1.35 3.11 9.81 105.28
A1b_pt04 36.68 17.25 13.66 4.65 2.04 31.04 0.20 1.47 1.14 3.60 104.52
A1b_pt05 37.58 19.01 12.40 5.54 0.81 31.20 0.23 0.35 1.26 3.99 104.38
A1a_pt06 37.62 19.93 11.70 5.60 1.32 32.21 0.10 0.75 3.53 11.14 101.62
A2a_pt07 37.44 23.08 9.03 5.17 0.13 31.23 0.86 1.39 3.61 11.41 100.53
A2a_pt08 35.39 20.55 9.14 5.00 0.24 31.06 0.89 2.04 3.40 10.74 96.97
A3a_pt09 36.54 20.96 10.73 4.75 1.32 30.74 0.11 0.79 4.23 13.34 96.82
A3a_pt10 33.87 19.50 10.43 4.44 1.23 32.59 0.19 0.65 3.99 12.60 94.29
A4_pt11 36.09 19.92 10.09 5.32 0.91 30.47 0.24 0.47 4.12 13.00 94.62
A4_pt12 36.92 18.13 10.93 4.49 1.54 30.99 0.08 0.87 4.32 13.65 94.62
1See Figures 5 and 6. A1 represents area 1 on Figure 5, and A2, A3, and A4 represent areas 2, 3, and 4, respectively. Values are weight 
percent, and a fluorine correction for cerium interference has been calculated.
other rare earth fluorocarbonates, such 
as parisite [Ca(Ce,La,Nd)(CO
3
)
2
F], bast-
nasite [(Ce,La,Y)CO
3
F], and rontgenite 
[Ca(Ce,La)(CO
3
)
2
F]. These minerals are 
commonly intergrown, making specia-
tion difficult.
CONCLUSIONS
Geochemical analyses determined that 
the highest REE values of the 10 samples 
for this investigation were from igneous 
rock samples, although HREE appeared 
to be slightly elevated in one fluorite ore 
sample (KR-2; Figure 7). This sample was 
taken from an exploration pit southwest 
of Hicks Dome near the Lacey Mine and 
was composed of crystalline calcite, 
purple fluorite, and minor amounts of 
an unidentified green copper oxidation 
product (Table 2, Figure 3).
Electron microprobe analyses deter-
mined that the source of the REE in 
sample KR-3 was a rare earth fluorocar-
bonate, synchysite. The identification 
of this mineral implies that conditions 
were correct within this alkaline igne-
ous complex to concentrate the REE 
within the ultramafic melt. Whether 
these minerals are concentrated within 
this complex in sufficient quantities to 
be considered an economic resource has 
yet to be determined.
During crystallization of the ultra-
mafic magma, LREE were incorporated 
into several minerals, such as apatite 
and perovskite (Table 1), which could 
accommodate the large cationic radius 
of the REE. As the crystallization of the 
ultramafic melt progressed, residual 
HREE were concentrated in the melt 
that may have mixed with basinal brine 
fluids (or MVT fluids, or both) migrat-
ing through the region. The REE that 
did not crystallize with early-formed 
igneous minerals might also have been 
complexed with the fluorine gases that 
exsolved from the residual magma 
(Plumlee et al. 1995). The timing of the 
formation of the rare earth fluorocar-
bonate cannot be accurately estimated, 
but we assume it began soon after the 
venting of the regional igneous system, 
which would have created temperature 
and pressure variances across the melt. 
The interaction of igneous melt with 
groundwater may have been an impetus 
for the explosive activity near the apex of 
Hicks Dome (Brown et al. 1954). Hydrau-
lic mixing would explain the explosive 
nature of the diatremes, the dilation of 
the host rock, and the brecciated low-
grade fluorite deposits at 3,000 ft (1,000 
m) under Hicks Dome. The identification 
of the pelletal-lapilli texture (which is 
indicative of venting of the igneous body 
to the atmosphere) within these igneous 
rocks 20 mi (32 km) north of Hicks Dome 
implies that Hicks Dome was not the 
only location where the igneous com-
plex explosively vented volatiles to the 
surface. If this is true and the synchysite 
mineralization occurred in conjunction 
with venting, the extent of REE mineral-
ization may not lie solely beneath Hicks 
Dome.
The synchysite in the breccia may 
well be related to a long-suspected 
deep-seated carbonatite phase of this 
regional igneous complex. Fluorite ores 
are related to carbonatite intrusions at 
Okorusu (Namibia) and Amba Dongar 
(India), where they were deposited from 
late-stage low-temperature (130 to 160 
°C) hydrothermal fluids, and where the 
fluorine was derived from the carbon-
atite (Richard Hagni, Missouri Univer-
sity of Science and Technology, personal 
communication, 2011). Whether the 
source of fluorine for the Illinois-Ken-
tucky fluorspar deposits was mobilized 
as a gaseous phase (Plumlee et al. 1995) 
or by aqueous MVT fluids from the 
deep-seated carbonatite is a subject for 
further investigation.
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Warping Marble in New Orleans 
and Other Cemeteries: A Review
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ABSTRACT
Erhard Winkler noted the warping of 
marble tablets in the cemeteries of New 
Orleans in various editions of his clas-
sic work Stone: Properties, Durability in 
Man’s Environment, and others in the 
United States and Europe have noted 
and commented on the striking marble 
deformation seen in these and other 
cemeteries. This paper briefly reviews 
marble warping in New Orleans cem-
eteries and puts these observations into 
a larger context of marble warping in 
cemeteries in general (which is not rare 
but is generally not well documented) 
and into that of marble cladding used for 
buildings (which is well known and has 
become increasing well documented). 
This study also brings together disparate 
sources that discuss, note, or illustrate 
marble warping, particularly that in 
cemeteries.
The configuration of warping marble 
tablets in New Orleans is similar to 
that of other gravestones and cemetery 
monuments in which marble tablets 
are somehow constrained, as well as 
that of warping marble used for build-
ing cladding. In these cases, one face 
of the marble tablets is exposed to 
more extreme atmospheric conditions, 
whereas the other face is nearer to a par-
tition or wall. The New Orleans tablets 
are less like classic upright gravestones, 
which are exposed on both sides to the 
atmospheric conditions. The fact that 
even these lesser constrained marble 
tablets in cemeteries can warp, how-
ever, indicates that remedies proposed 
to lessen the warping of marble tablets 
in New Orleans are not likely to work 
well because the presumed underlying 
causes of warping (cycles of heating and 
cooling, and humidity) cannot easily 
be mitigated in New Orleans. Warped 
upright marble gravestones are prob-
ably underreported for two reasons: (1) 
warping is present but not noticeable 
unless one is looking for warping, and 
(2) warped marble tombstones tend to 
break over time and so are discarded.
INTRODUCTION
In the three editions of his classic text 
Stone: Properties, Durability in Man’s 
Environment, Erhard Winkler, an expert 
on the physical properties of stone used 
in construction, noted and figured (1973, 
p. 57; 1975, p. 43, Figure 53; 1997, p. 209) 
the deformation of marble closure tab-
lets in New Orleans cemeteries. This has 
resulted in the New Orleans example 
becoming the most cited example of 
marble warping in North American 
cemeteries. Winkler also noted this 
warping in a 1988 paper (p. 729) and 
later (1996) published a more expansive 
note on the deformation of marble, con-
centrating on the deformation of marble 
closure tablets in New Orleans’s Metai-
rie and Greenwood Cemeteries.
This review brings together disparate 
references to warping marble in cem-
eteries in New Orleans and elsewhere. 
It also notes key studies on the warping 
of building cladding. Additionally, this 
review reports on warping marble in 
a large sampling of New Orleans cem-
eteries based on a variety of sources 
as well as personal observations (four 
New Orleans cemeteries were visited in 
March 2011: Metairie and Greenwood 
Cemeteries, both located near the 17th 
Street Canal in the western part of 
New Orleans; St. Louis Cemetery No. 1, 
located just outside of the French Quar-
ter and the oldest remaining cemetery in 
Saint Louis; and Lafayette Cemetery No. 
1, located in the New Orleans Garden 
District). Several previously undocu-
mented examples of marble warping are 
also illustrated.
WARPING MARBLE IN 
CEMETERIES AND AS 
BUILDING CLADDING
Types of Marble  
Warping in Cemeteries
Bowing and other warping of marble 
is not unusual in cemeteries, but this 
deformation has not been widely noted 
or investigated in North America, espe-
cially in comparison with the widely 
investigated surficial deterioration of 
marble in cemeteries (see discussion in 
Livingston and Baer 1990). Warping can 
be seen in several cemetery contexts, 
including warping of horizontal tablets, 
warping of upright gravestones, and 
warping of upright tablets or slabs that 
are constrained.
Warping of Horizontal Tablets
Dramatic bowing may occur when 
marble tablets are set in a horizontal 
position, as are some tablets (tomb 
tables) in older cemeteries in cities 
such as Philadelphia (Figure 1a). This 
phenomenon has been noticeable since 
at least the 19th century, when Julien 
(1884, p. 366) noted its occurrence in 
New York. The bowing seen in these 
marble tablets tends to be downward, 
but Kessler (1919, p. 31–32, Figures 
5–8) noted upward as well as down-
ward warping among a great number 
of warped horizontal tomb covers in a 
cemetery in Cuba.
Warping of Upright  
Gravestones (Tombstones)
Upright (vertical) cemetery gravestones 
(also known traditionally as tombstones 
and more recently as headstones) made 
of marble and other carbonate rocks 
also show evidence of warping and other 
deformation. The flexibility of marble 
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Figure 1 Bowed (warped) marble in cemeteries. (a) Bowed horizontal marble tablet (tomb table) in St. Peter’s Churchyard, 
Philadelphia. Deformation is clearly delineated by the bathtub-ring-type stains. October 2006 photograph. (b) Deformed marble 
gravestone and other less deformed gravestones in St. Peter’s Churchyard cemetery, Philadelphia. Also note the deformed 
tomb table in the upper left. The person in the upper right is 5 ft 2 in. (1.6 m) tall. October 2006 photograph. (c–e) Bowed 
upright marble gravestone in Cleveland’s Erie Street Cemetery. Scale is marked in 3.9-in. (1-dm) segments. Note the curved 
shadow cast by the Jacob’s staff that delineates curvature of the tablet in Figure 1c, side view of the gravestone showing dis-
placement from the vertical (the entire gravestone is also tilted) in panel d, and detail showing weathered edge of the grave-
stone in panel e. November 2011 photographs.
has been known for some time (e.g., 
Blagrove 1888, p. 8; Anonymous, 1894), 
and it is likely that marble workers knew 
of this flexibility—and the concomitant 
warping—of marble. A footnote in Ray-
leigh’s (1934) study of marble bending 
discussed the opinion of J.B. Slythe, a 
marble merchant, that marble such as 
tombstones in old cemeteries “often 
showed flexibility” (p. 265).
Julien (1884, p. 368) measured flexure 
in marble in New York City cemeteries. 
Later, Drewes et al. (1956) described 
and illustrated a spectacular example 
of bending and bowing of fine-grained 
marble gravestones in the New Haven, 
Connecticut, Grove Street Burial 
Ground. In this cemetery, upright 
gravestones greater than 3 ft (9 dm) tall 
and less than 0.2 ft (6 cm) thick were 
most likely to bend. They described the 
marble used as being white and equi-
granular. Drewes et al. (1956) cited the 
cemetery superintendent as indicating 
that this marble originated as ballast 
a b
c d e
Illinois State Geological Survey Circular 587 95
in ships arriving from Italy. It is likely 
that this stone was from Italy, but it is 
unlikely that it was shipped as ballast 
because large amounts of marble were 
exported from the Carrara area in the 
1800s (e.g., Hawes 1884, p. 397–398; Seely 
1885, p. 51–52), and advertisements and 
other sources indicate the widespread 
use of Italian marble in the United States 
(see discussion in Bauer et al. 2002, p. 
90). The bowing of upright gravestones 
made of limestone has been figured by 
Grimm (e.g., 1999, Figure 22) in a cem-
etery in Paris.
Bowing of upright marble gravestones 
can be found in other older North 
American cemeteries that have utilized 
slabs of marble that are relatively thin 
compared with their length and width, 
for instance in Philadelphia (Figure 1b) 
and Cleveland (Figure 1c–e). Typically, 
such gravestones are less than 3.2 in. (8 
cm) thick. Bowing of these gravestones 
can be observed most easily by placing 
a straightedge against the side of the 
warped slab (Figure 1d–e). This provides 
a vertical (or horizontal) frame of refer-
ence from which maximum deviation 
from the vertical can be measured. 
Warping of upright gravestones is typi-
cally most strongly developed along a 
horizontal fold axis, but is often accom-
panied by lesser developed warping 
along a vertical fold axis. The principal 
fold axis is normally perpendicular to 
the longest dimension (i.e., length) of 
the gravestone. Warping of these grave-
stones is also typically accompanied by 
acid-precipitation loss of surface thick-
ness, especially, but not only, toward 
the top (Roberts 2005) and middle of 
the tablet compared with the base. This 
warping can also be accompanied by the 
development of fractures (Grimm 1999, 
Figure 22).
Several examples of bowing marble can 
be seen in the Erie Street Cemetery in 
Cleveland, Ohio (see Bauer et al. 2002 for 
a discussion of other aspects of stones 
used in this cemetery). The most bowed 
tablet in this cemetery is about 3.3 ft (1 
m) high and 17.9 in. (45.5 cm) wide at its 
base (Figure 1c–e). Its thickness is about 
2.8 in. (7 cm) at the base and 2.4 in. (6 
cm) at the center. Maximum deviation 
from the horizontal is about 0.8 in. (2 
cm; Figure 1d–e). Some of the deflection 
can be attributed to differential surficial 
reduction (see Roberts 2005 for a discus-
sion of this phenomenon), but most of 
this deflection is from warping. The side 
of the slab that has experienced relative 
expansion (right side in Figure 1e) has 
developed a series of cracks. Such warp-
ing is not unique to the cooler, northern 
part of Ohio, however. Similar examples 
can be found in cemeteries in warmer 
parts of Ohio, including Marietta and 
Locust Grove Cemeteries in Adams 
County.
Warping of Tablets or  
Slabs That Are Constrained
The warping of upright tablets or slabs 
that are constrained in some way (such 
as placed in or attached to a frame of 
other stone as part of a gravestone or 
a cemetery monument) has received 
much attention. The warping of closure 
tablets of tombs in New Orleans cem-
eteries is now the best known example 
of this type of warping, but this type 
of deformation has long been noted 
elsewhere. One of the earlier reports of 
such stone deformation is that of Geikie 
(1880, p. 195–199), who cited a number of 
examples of warping in Scotland, where 
marble slabs were constrained by sand-
stone. Julien (1884, p. 367), however, 
noted that this type of gravestone was 
not used in the United States. Geikie’s 
work was excerpted by Merrill (1891, p. 
368–369) in his classic book Stones for 
Building and Decoration. In recent years, 
European workers have again brought 
attention to the warping of constrained 
panels in cemeteries (as in the examples 
in Grimm 1999; Siegesmund et al. 2000; 
TEAM Project in Siedel et al. 2011, Figure 
6.7a).
Warping of Building Facing  
and Interior Marble Cladding
It is now widely known that thin marble 
building facing can warp, and many 
examples can be found around the 
world. The classic example is that of the 
Amoco (now Aon) Building, a 1,135-ft-
tall (346-m-tall) rectangular skyscraper 
located in downtown Chicago. This 
example has been widely cited in the 
geological, engineering, and architec-
tural literature (e.g., Logan et al. 1993; 
Wolfe 1996; Winkler 1997, p. 209, Figure 
7.23; Logan 2004, 2006). Other examples 
known from a variety of cities include 
Rochester, New York (Winkler 1997, 
p. 209); Toronto, Canada (Logan 2004, 
2006); Helsinki, Finland (Grelk et al. 
2008); Munich, Germany (Grimm 1999); 
Vienna, Austria (Widhalm et al. 1996); 
Zagreb, Croatia (TEAM Project in Siedel 
et al. 2011); and Evansville, Indiana 
(Hannibal et al. 2008). More examples 
have been documented, and many more 
undocumented instances exist. Carrara 
marble is the chief marble discussed 
in the literature (e.g., Logan et al. 1993; 
Logan 2006), but other marbles used 
for cladding are also known to deform. 
Recently, Hannibal and Saja (2007a,b) 
have noted incidences of marble bowing 
inside historic 19th-century structures. 
The marble they investigated was either 
Carrara or a stone much like Carrara.
NEW ORLEANS 
CEMETERIES AS A  
CLASSIC EXAMPLE OF 
WARPING MARBLE
Although warping of marble has not 
been widely noted in cemeteries in the 
United States, warping of marble closure 
tablets in New Orleans cemeteries has 
been noted by scientists, architectural 
historians, and preservation specialists. 
This is, in part, from the relatively large 
amount of attention that New Orleans 
cemeteries have received. The Euro-
pean-style cemeteries of New Orleans 
are among the Crescent City’s major 
attractions. Winkler’s (1973, 1975, 1988, 
1996, 1997) documentation of marble 
warping in New Orleans cemeteries 
has made New Orleans the classic case 
example of such warping in cemeteries.
Winkler (1973) was the first to bring this 
warping to the attention of the scientific 
community, but others (Hunt 2004, p. 
115) have also noted warping in New 
Orleans. Huber (1974/2004) and Lemann 
(1974/2004) mentioned warping of 
marble in the cemeteries of New Orleans 
in New Orleans Architecture: The Cem-
eteries (Christovich 1974/2004b). Huber 
described this as occurring in New 
Orleans’s St. Louis Cemetery No. 1. He 
also provided an interpretation for this 
warping: “Unfortunately, from exposure 
to the sun and rain of a century and a half, 
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many inscriptions have become illeg-
ible, and some of the slabs have become 
warped or have perished completely” (p. 
6). In the same book, Lemann noted that 
“on swampy soil . . . marble slabs curl 
out of line” (p. 191).
Marble bowing in New Orleans cem-
eteries is so distinct that it can be seen 
in photographs in general publications 
about New Orleans cemeteries. This 
bowing, although not noted in the text of 
these publications as occurring, can be 
distinguished in photographs because 
bowing is delineated by curved shad-
ows. Warping marble closure tablets 
can be seen, for example, in illustrations 
in New Orleans Architecture (Chris-
tovich 1974/2004b, p. vi, 82, 86, 138). 
The tablet on the tomb of Homer Plessy 
in St. Louis Cemetery No. 1 is shown to 
be distinctly bowed (Florence 1996, p. 
35). Several tablets are seen as bowed 
in a view of tombs in St. Louis Cemetery 
No. 2 (Florence 1997, p. 37), and at least 
one distinctly bowed tablet can be seen 
in a photograph of St. Roch Cemetery 
(Florence 1997, p. 116). Because new 
replacement tablets are installed over 
time, such photographs (as in the case of 
the stone used for Homer Plessy’s tomb) 
document warping when the primary 
evidence (earlier marble tablets) has 
been removed and replaced with new 
tablets. These and other references to, or 
illustrations showing, warped marble 
tablets in New Orleans cemeteries are 
listed in Table 1.
Sass (1988) documented warping marble 
in Lafayette Cemetery No. 1, noting out-
ward and inward bending as well as dis-
tortion of closure tablets in an S-curve. 
More recently, Matero et al. (2002) noted 
and discussed bowing in St. Louis Cem-
etery No. 1: Guidelines for Preservation 
and Restoration.
Type of Marble
The predominant marble used for 
closure tablets is fine-grained white 
marble, probably Carrara marble. The 
name Carrara marble encompasses a 
variable group of mostly light-colored 
calcitic marbles quarried in the Apuan 
Alps of Italy (Bradley, 1997, p. 52–53). 
Carrara marble is noted as having 
been used in New Orleans cemeteries 
(Winkler 1997, p. 209), and the reported 
petrologic characteristics of the stone 
(Sass 1988) are consistent with Carrara 
marble. Additionally, advertisements in 
19th-century New Orleans newspapers 
and directories noted the use of Italian 
marble (Stroud and Company 1844). 
Joseph Viau (1844), a “manufacturer of 
tombs, monuments, grave stones, etc.,” 
for example, noted in an advertisement 
that he imported Italian and French 
marble. Carrara marble is specifically 
noted for various funerary uses (Anony-
mous 1887). New Orleans was also one of 
the ports known for handling imported 
marble in the early 20th century (Sewell 
1923, p. 4).
Marble Use
New Orleans cemeteries are well known 
for having aboveground tombs (Florence 
1997, p. 9–19). These tombs, or vaults, are 
typically constructed of brick and con-
crete and covered on the exterior with 
stucco. Some, however, are constructed 
of stone (Huber and Huber 1929, 1930). 
Thin [~0.8- to 1-in.-thick (~2- to 2.5-cm-
thick) tablets of fine-grained marble, 
also known as marble plaques (Florence 
1996, p. 17) or inscription tablets (Flor-
ence 1997, p. 24), have been widely used 
as vertical covers for the entrances to 
these tombs. The tombs are made so 
that two or more sets of remains can be 
placed in them at any one time (Figure 
2a). Thus, they typically have two or 
more spaces for caskets and a space for 
remains below the space for caskets. 
When a casket is placed in a tomb, the 
opening is typically closed using bricks 
and mortar (Figure 2b), and finally, the 
outer tablet is attached. More details 
on this can be found in Sass (1988) and 
Matero et al. (2002).
The tablets used as covers in the New 
Orleans cemeteries are roughly similar 
in thickness to that of the bowed marble 
used for exterior cladding of large build-
ings [1.3 in. (3.2 cm) thick in the case of 
the Amoco Building in Chicago; Logan 
2006] and for bowed tablets inside the 
Cuyahoga County Soldier’s and Sailor’s 
Monument [1 in. (2.5 cm) thick] in Cleve-
land, Ohio (Hannibal and Saja 2007a,b).
Warping of the Marble
Several modes of marble deformation 
can be seen in New Orleans cemeteries. 
Winkler (1996) noted convex and con-
cave warping. Sass (1988) noted three 
types of bowing: convex (outward), 
concave (inward), and S-shaped bowing. 
Simple concave (Figures 2c–d) and 
convex (Figures 3a–c) bowing are the 
most common types of bowing. These 
tablets have a strongly developed hori-
zontal fold axis. Tablets bowed into an 
S-shape (Figure 3d) have two strongly 
developed, parallel horizontal fold axes. 
This is similar to Grimm’s (1999, Figure 
27) wavelike deformation. Some tablets 
have more complex bowing (upper left 
of Figure 2c). This four-fold classification 
(concave, convex, S-shaped, complex) 
simplifies the bowing of these tablets 
because bowing tablets tend to have 
some vertical and horizontal compo-
nents (Figure 3a). Generally, the hori-
zontal fold axes tend to dominate.
Table 1 References to and illustrations showing warped marble tablets in New Orleans cemeteries
New Orleans cemetery References to warping, illustrations showing warping, or both
Cypress Grove Cemetery McDowell 1974/2004, Figure 33
Greenwood Cemetery Winkler 1996
Lafayette Cemetery No. 1 Sass 1988; Florence 1996, figures on p. 35, 38; this study
Metairie Cemetery Winkler 1996; this study
St. Louis Cemetery No. 1 Christovich 1974/2004a, p. 138; Huber 1974/2004; Matero et al. 2002, p. 54, 62; this 
study
St. Louis Cemetery No. 2 Florence 1997, upper figure on p. 37
St. Roch Cemetery Florence 1997, figure on p. 116
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Figure 2 Tombs in New Orleans cemeteries. (a) Configuration of typical New Orleans tombs, Lafayette 
Cemetery No. 1. Tomb on the right shows empty compartments. Tomb on the left has a loosely attached 
closure tablet. (b) Typical New Orleans tomb, St. Louis Cemetery No. 1. Compartments have been bricked 
in and the closure tablet, which would normally cover the bricked-in area, is missing. (c) Concave warp-
ing in New Orleans Lafayette Cemetery No. 1. The earliest date on the large marble closure tablet is 1868. 
Scale near the bottom of the tablet is marked in 1-cm (0.39-in.) segments. One of the small cover tablets 
to the upper left of the adjacent structure is complexly deformed and broken. (d) Concave warping in New 
Orleans Lafayette Cemetery No. 1. Part of the tablet has broken, exposing brick. Scale is marked in 1-cm 
(0.39-in.) segments. March 2011 photographs.
a
b
c d
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Figure 3 Warped closure tablets in New Orleans cemeteries. Scales are marked in 1-cm (0.39-in.) segments. (a) Convex 
warping (outward doming) in St. Louis Cemetery No. 1. No date of death is noted on this tablet. (b) Convex warping of marble 
tablet of a granite tomb, Metairie Cemetery. (c) Detail of panel b showing convex warping and concomitant cracking in the 
marble tablet. (d) S-shaped warping in Lafayette Cemetery No. 1. March 2011 photographs.
a
c
b
d
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Figure 4 Warped marble on buildings in New Orleans and Houston. Scales in panels a and c are marked in 1-cm (0.39-in.) 
segments; the person on the right in panel b is 5 ft 2 in. (1.6 m) tall. (a) Warped trim of marble on the old Oil and Gas Building, 
New Orleans. March 2011 photograph. (b) Warping marble on a structure at the intersection of Lamar Street and San Jacinto, 
downtown Houston, Texas. Cladding is composed of 0.9-in. (2.3-cm)-thick fine-grained white marble. October 2008 photograph. 
(c) Detail of warping seen in panel b.
Other Examples of Bowing 
Marble in the Southeastern 
United States
If marble tablets are bowed in New 
Orleans cemeteries, it makes sense that 
marble slabs used for building clad-
ding would be similarly bowed in the 
region. New Orleans is not noted for 
having buildings clad with thin marble 
veneer. One such New Orleans building, 
however, is the old Oil and Gas Building 
at 1100 Tulane Avenue, clad in Vermont 
marble (Slagle 1982, p. 24). The exterior 
shows some deformation (Figure 4a). 
More dramatic examples of warped 
exterior cladding can be found in sev-
eral buildings in Houston, Texas, where 
marble has been used more extensively 
for cladding of buildings and which is 
located in a similar hot, humid environ-
ment (Figures 4b–c). In Alabama, marble 
cladding on the Houston Cole Library of 
Jacksonville State University in Jackson-
ville had to be taken down and replaced 
with granite in 2002 (Hubbard and 
Walter 2005, p. 51).
Causes of Warping
Experimental work with warping marble 
and other building stones extends at 
least back into the early 19th century. 
These range from the very simple experi-
ments of Brindley (1890, p. 239) to the 
more complex experiments of Bartlett 
(1832) and Rayleigh (1934). The last few 
decades have seen an intense revival 
of such investigations (e.g., Erlin 2000; 
Logan 2006; Marini and Bellopede 
2007, 2009). The European Union’s 
TEAM Project consortium supported a 
number of these studies. Experimental 
studies have also been conducted on 
limestone and dolomites (e.g., Harvey 
1967). A consensus among research-
ers has long ascribed the root causes of 
warping marble to heat cycling aided by 
a b
c
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humidity (e.g., Winkler 1997, p. 208–211; 
Marini and Bellopede 2007). Anisotro-
pic thermal expansion caused by heat 
cycling has remained one of the most 
viable theories for marble warping (e.g., 
Siegesmund et al. 2000). Winkler (1997, 
p. 210) also added the requirement of 
marble dissolution as a first step in the 
process of warping, and some authors 
(e.g., Logan 2004) have emphasized the 
release of stored residual strain in the 
process of warping. Sass (1988, p. 179–
180) also discussed the occurrence of a 
freeze–thaw cycle, but this can be only 
a minor component of what is occurring 
in New Orleans, considering the overall 
climate of the city.
In the case of horizontal tablets in cem-
eteries (Figure 1), an argument could be 
made that the cause of horizontal tablet 
deformation is related to the weight of 
the tablet. Winkler (1973, p. 57; 1975, p. 
57) argued that deformation is a result 
of the weight (load) of the tablet coupled 
with high humidity. Kessler’s (1919, 
p. 31–32, Figures 5–8) observation of 
upward bowing of horizontal marble 
tablets in Cuba, however, showed that 
the warping could not be ascribed 
simply to the weight of the tablet. Kessler 
(1919, p. 32) argued that diurnal tem-
perature changes were the only way to 
explain this warping. Winkler (1996, p. 
218) argued that outward bowing of clo-
sure tablets in New Orleans cemeteries 
resulted from the effects of sun and high 
humidity, whereas inward bowing was 
due to extremely high moisture behind 
the panels. However, it is not clear that 
this is the case.
Comparison of Closure Tablets 
with Upright Gravestones and 
Building Cladding
The orientation of closure tablets in New 
Orleans cemeteries is generally similar 
to that of marble slabs cladding build-
ings because, in both cases, marble 
tablets are installed close to a wall. Thus, 
the interior and exterior surfaces of the 
marble slabs have differential environ-
mental conditions. Upright gravestone 
tablets, on the other hand, are exposed 
on all sides, allowing air movement to 
ameliorate temperature differences and 
to wick moisture from both sides of the 
gravestones. The relative frequency of 
bowing of closure tablets in New Orleans 
cemeteries appears more similar to 
the warping of marble cladding used 
for buildings and less similar to that of 
upright cemetery tablets, which appear 
to warp to a lesser degree.
Problems with Studying Warping 
in New Orleans Cemeteries
It is difficult to determine the length 
of time a tablet has been in place in 
New Orleans cemeteries. The normal 
assumption for those studying grave-
stones is that the date on the gravestone 
is the date of installation (e.g., Bauer et 
al. 2002; Mallios and Caterino 2007). 
However, dates are not always recorded 
on tablets in New Orleans cemeteries. 
The replacement rate of tablets in New 
Orleans cemeteries is probably also high 
because warping can lead to breakage 
and ultimately replacement. Replace-
ment tablets, if they record the death 
date of the earliest person interred in the 
tomb, would not then record the correct 
date for the installation of the marble 
tablet.
Many New Orleans tablets have prob-
ably been replaced because they had 
become deformed, as in the case of 
Homer Plessy’s tablet in St. Louis Cem-
etery No. 1. The multiple uses of New 
Orleans tombs add a layer of complex-
ity to this. In addition, some tablets 
cover empty or partially empty spaces, 
whereas other tablets lie close to enclos-
ing brick. In recent times, some marble 
tablets have been replaced by granite, 
which does not deform to the same 
degree (Winkler 1996).
What Can Be Done About the 
Warping Tablets in New Orleans 
Cemeteries?
Guidelines established for the preserva-
tion and restoration of stone tablets at 
St. Louis Cemetery No. 1 (Matero et al. 
2002, p. 59) call for the use of “white, 
preferably Carrara marble, of greater 
thickness (1½″ [3.8 cm] if possible)” as 
replacement tablets. They also suggest 
that replacement and reinstalled tablets 
be trimmed 0.25 in. (0.64 cm) at the base 
and set on lead or polyethylene-foam 
shims. The trimming and the shims 
would allow for expansion. The guide-
lines also discourage the use of granitic 
and other rock types as replacements for 
the original marble to maintain historic 
usage.
Increasing the thickness of the marble 
tablets and using shims to allow for 
expansion are reasonable steps in the 
prevention of warping, but these steps 
alone may not be sufficient to amelio-
rate warping. Carrara marble is widely 
known for warping as a building veneer. 
Carrara, or a stone very much like it, has 
also been shown to warp inside struc-
tures (Hannibal and Saja 2007a,b). Hunt 
(2004, p. 116) has noted that efforts to 
date to limit warping have not worked. 
Reinstallation of the marble facades on 
Finlandia Hall in Helsinki, for example, 
has not been successful (Marini and 
Bellopede 2009, p. 259). In addition, the 
marble slabs known to warp on build-
ing exteriors are typically in the range of 
about 0.79 to 1.5 in. (2 to 4 cm) in thick-
ness (Åkesson et al. 2006). The grave-
stone shown in Figure 1c–e is about 2.75 
in. (7 cm) thick, much thicker than most 
marble cladding used on buildings, and 
it still has bowed.
Therefore, it appears unlikely that the 
guidelines for preserving and restor-
ing tablets (Matero et al. 2002) at St. 
Louis Cemetery No. 1 will be enough 
to prevent future deformation because 
these guidelines do not address the 
root cause or causes of the deformation, 
whether that be temperature variations, 
humidity, the release of pressure (stress 
relief), or a combination of these. The 
guidelines may slow the deformation, 
however.
Although a deviation from the use of 
the original stone type, granite would 
appear to be good replacement stone for 
marble in the case of New Orleans ceme-
teries. Indeed, in recent decades, granite 
tablets have been used instead of marble 
as the closure tablets for a number of 
tombs, presumably as replacements for 
degraded marble tablets. Winkler (1996, 
p. 212) has measured warping granite in 
Greenwood Cemetery in New Orleans, 
and others (Siegesmund and Dürrast 
2011, p. 198, Figure 3.78) have subse-
quently noted warping in granites and 
other rock types elsewhere. Presumably, 
the warping of the granite slabs does not 
occur as quickly as that of marble slabs. 
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The use of granite and other igneous 
rocks as replacement stone for marble, 
however, is not acceptable by historic 
preservationists because these igneous 
rocks differ in color and texture from the 
marble traditionally used, affecting the 
overall look of cemeteries (Matero et al. 
2002, p. 58).
If careful records are kept of the instal-
lation dates of new replacement slabs, 
whatever the stone type, it would 
provide critical data for studying the 
timing, and therefore the rate, of defor-
mation in New Orleans cemeteries.
CONCLUSIONS
Warping marble is very common and 
pronounced in New Orleans cemeteries, 
so much so that such warping can easily 
be recognized from photographs. New 
Orleans has a warm climate, so freeze–
thaw cannot be critical in the bowing 
process. Warped-marble closure tablets 
in New Orleans are similar to stone used 
for building cladding, in that one side is 
exposed to more extreme atmospheric 
conditions, whereas the other side is 
nearer to a brick partition or backing. 
The tablets are less like classic upright 
gravestones, which are exposed on both 
sides to the open air. As others have sug-
gested, warping of the closure tablets in 
New Orleans could be alleviated some-
what by installing thicker panels with 
length and width dimensions that would 
also allow for expansion. Although not 
desirable for historic accuracy, replace-
ment of marble with granite, along with 
these other two remedies, may work 
even better. Even in combination, it is 
unlikely that warping can be eliminated: 
relatively thick upright marble grave-
stones with three unconstrained sides 
still can warp (Figure 1b–c). If careful 
records are kept of the installation dates 
of new replacement slabs, whatever the 
stone type, they would provide criti-
cal data for studying the timing, and 
therefore the rate, of deformation in New 
Orleans cemeteries.
Although marble warping has been 
widely recognized in New Orleans cem-
eteries, it has not been noted in many 
other cemeteries. In part, this is because 
it has just not been noticed. This is also 
probably because of the propensity 
of warped marble slabs to eventually 
develop cracks and then be replaced or 
simply discarded. Warped slabs may 
also be affected by severe concomitant 
surficial dissolution. The dissolution 
leads to the erasure of inscriptions and 
decorative carvings, and thus results in 
the replacement of highly weathered—
and warped—gravestones.
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ABSTRACT
The cost of aggregate transportation 
is an important factor in determining 
the competitive position of individual 
aggregate producers because the aggre-
gates themselves have a relatively low 
unit value per ton. Transportation adds 
significantly to the buyer’s total costs 
and can influence the buyer’s prefer-
ence for specific producers, provided the 
product quality remains comparable. 
In the 15 years since aggregate trans-
portation costs were first published by 
this author, no new estimates have been 
publicly available. As the market prices 
for aggregates change, so does the rela-
tive significance of transportation costs. 
This report is an attempt to estimate the 
current transportation costs by simulat-
ing a typical truck operation, as well as 
by using changes in the producer price 
index and the consumer price index.
BACKGROUND
Construction aggregates—crushed 
stone, and sand and gravel—are rela-
tively low unit value materials used in 
large quantities. In 2013, Illinois pro-
duced about 45 million metric tons of 
crushed stone, mostly limestone and 
dolomite, and 18 million metric tons of 
sand and gravel. The unit price at the 
point of production for crushed stone 
averaged about $10 per metric ton and 
that for sand and gravel averaged $7 per 
metric ton.
Because of the low unit value of aggre-
gates, their transportation costs play an 
important role in determining the final 
cost to the consumer. The delivered cost 
of construction aggregates may account 
for up to 10% of the total project costs 
(Bush and Hayes 1995). A significant 
proportion of these costs are due to 
transportation costs, which can have a 
major influence on the competitive posi-
tion of aggregate producers vying to be 
the suppliers.
Trucking is the predominant mode of 
aggregate transport, although trains 
and barges, as well as coastal and inter-
national shipping, are also used. When 
aggregates are not transported by trucks 
alone, the necessity of transloading 
material from trucks to other modes 
of transport, with the resulting cost 
increases, may provide trucking alone a 
competitive advantage over multimodal 
transportation. Cost estimates for barges 
and rail transport are not readily avail-
able, nor are these options universally 
available.
From the perspectives of pit or quarry 
operators as well as those in the trans-
portation business, the ideal circum-
stances would be to be able to assess the 
markets in the context of all available 
modes of transportation to envision a 
geographic zone in which to operate 
with competitive advantage. The pur-
pose of this study, however, is to provide 
cost estimates for the most predominant 
mode of transportation, leaving market 
positioning to the market participants.
Unlike the costs of the aggregates 
themselves, the transportation costs 
are neither reported nor systematically 
documented by any public or private 
agency. Transportation costs are pro-
prietary information held closely by the 
service providers as well as contractors. 
In the past, individual consultants occa-
sionally contributed articles in mining 
or trade journals providing case-by-
case transportation cost information. 
In 1999, the Illinois State Geological 
Survey (ISGS), with the generous col-
laboration of one producer, was able to 
obtain company-specific data on the 
cost of aggregate transport by truck in 
Illinois and publish these data for the 
benefit of the public (Bhagwat 2000). 
The U.S. economy has undergone many 
changes in the past 15 years because of 
international terrorism, wars, and, most 
significantly, the 2008 financial and eco-
nomic crisis. The construction industry 
suffered a severe setback resulting from 
the economic crisis. A factor contribut-
ing to the decline in demand for mined 
aggregates has been the growing use 
of recycled aggregates. State-by-state 
recycling data are not available; how-
ever, about 140 million metric tons of 
construction materials are recycled in 
the United States annually, or about 7% 
of the total aggregates mined and sold. 
Although substantial efforts and costs 
are involved in aggregate recycling, it 
reduces the cost of transporting aggre-
gates from where they are mined. The 
post-2008 economic recovery has been 
slow and remains incomplete to date. 
The changing market conditions have 
highlighted the need for up-to-date 
information on transportation costs for 
aggregates. This is an attempt to provide 
such information. We focus on trucking 
because of the predominance of trucks 
as a means of aggregate transport in the 
United States.
APPROACHES TO 
TRANSPORT COST 
ASSESSMENT
The most direct and useful way to know 
the cost of transporting aggregates is 
to request quotes from providers of the 
services. The advantage of the direct 
approach is that all the market fac-
tors—local demand–supply, competi-
tion, and the capacity utilization factor 
and labor situation—are built into the 
quotes offered. At the same time, spe-
cific quotes need not necessarily reflect 
long-term or life-cycle sustainability 
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for the provider of transport services. 
For broader geographic usefulness, 
however, a less direct approach to cost 
estimation adds a perspective on what to 
expect in the long run as well.
The broadest approach to transportation 
cost estimation is to develop a software 
model that allows the user to input 
specific values that affect costs, such as 
type and size of vehicle used, seasonal 
factors, modes of financing, contract 
duration, labor market conditions, and 
so forth. It also provides adaptability 
for various goods transported by truck. 
Software packages provide for the appli-
cation of specific inputs and thus deliver 
accurate cost calculations that may be 
best suited for the sensitivity analysis 
desired for investment decisions. North 
Dakota State University developed one 
such model in 2003 (Berwick and Farooq 
2003). One specific case calculated as 
an example by the authors of the North 
Dakota State University software model 
pertained to highway transport of grain 
over a distance of 100 mi (160.9 km) and 
indicated costs of about $0.055 per ton/
mile. An approximation of the current 
(year 2014) costs can be obtained by 
adjusting for the increase in the con-
sumer price index (CPI), which indicates 
a 30% increase. When the CPI is used, 
the cost estimate above would increase 
to $0.071 per ton/mile. Further adjust-
ments would be necessary because 
several operational inputs have changed 
since 2003; for example, trucks have 
become more fuel efficient, but the 
diesel price has increased nearly four-
fold. In the aggregate industry, trucks 
serve more limited geographic areas 
than do grain transporters. Serving con-
struction projects close to the quarries 
or sand pits can be subject to consid-
erations other than long-term average 
costs, such as competition among small 
local operators or road conditions that 
restrict the size of trucks used.
The American Transportation Research 
Institute (ATRI) provides an equally 
thorough and systematic approach to 
trucking cost estimation by publishing 
operational cost estimates for trucking. 
The ATRI also publishes revisions to 
its cost estimates periodically (Fender 
and Pierce 2012). The ATRI reports 
are based on input provided by truck 
operators nationwide in response to a 
questionnaire-based survey. The data 
cover a range of truck sizes and types as 
well as whether truckloads were full or 
partial. The carrier costs are presented 
on a per-mile as well as per-hour basis 
and are further broken down into sub-
categories of costs, such as labor-related 
costs, and various vehicle-related cat-
egories. About 60% of the trucks in the 
ATRI survey were five- or six-axle trucks. 
However, the report does not specify 
the average payload carried. Trucks in 
these categories vary in their carrying 
capacity, ranging up to 20 metric tons 
(Jakubicek 2014). The 2012 update also 
provides comparisons of how the costs 
in the subcategories developed over sev-
eral previous years. Although the ATRI 
reports include all the goods and do not 
specifically refer to construction aggre-
gates, their results, summarized below, 
are instructive:
 • The 2011 average carrier cost per  
  mile was $1.71.
 • The 2011 average carrier cost per  
  hour was $68.21.
 • The 2011 shares of fuel and oil costs  
  accounted for 35% of total costs,  
  the driver-based costs accounted  
  for 36% of total costs, and the  
  remaining 29% of the costs were  
  for repair and maintenance, insur- 
  ance, capital, and others.
 • Since 2008, the costs have reflected  
  the impact of the severe economic  
  recession, resulting in cost declines  
  in 2009 and 2010 and indicating  
  little cost increase in 2011 com- 
  pared with 2008.
The ATRI cost estimates above would 
range from $0.085 to $0.114 per ton/mile 
for grain transported 100 miles, based 
on an estimated average payload of 15 to 
20 metric tons.
In the aggregate business, it is common 
practice to pay a basic charge when a 
truck is provided for transport of materi-
als from the quarry or the pit. An addi-
tional cost accrues depending on the 
transport distance.
Publications dedicated to the equipment 
used for highway and off-highway trans-
portation of materials provide informa-
tion more closely related to the minerals 
industry. Articles related to the owning 
and operating costs of large vehicles 
provide insights into ways to approach 
the trucking cost estimation for mineral 
aggregates. Equipment World (Jackson 
2010) reported cost estimates for a Mack 
GU713 dump truck with the following 
cost breakdown:
 •  The 2010 owning and operating cost 
  per mile was $2.28.
 •  The labor-related costs accounted  
  for 61% of total owning and operat- 
  ing costs—significantly more than  
  the ATRI estimate above.
 •  The fuel and oil cost accounted for  
  21%, significantly lower than the  
  ATRI estimate.
 •  The results presented by Equipment  
  World are similar to those of ATRI  
  in that there is no breakdown  
  between a basic charge and a  
  charge per ton/mile.
Equipment World also provides some 
details on repair and maintenance 
expenses, such as expected miles per 
gallon and tire replacement, as well as 
capital-related expenses. The payload 
for the truck in this case is estimated to 
be 20 to 25 metric tons, which results in 
costs ranging from $0.091 to $0.114 per 
ton/mile.
The cost estimation approach by Equip-
ment World combines the useful opera-
tional aspects with the simulation tech-
nique to calculate costs that the truck 
owner may be able to offer sustainably 
over the life of the truck.
TRUCK SIMULATION 
FOR ESTIMATION OF 
AGGREGATE TRANSPORT 
COSTS
The variety and models of trucks used 
in the transportation of aggregates is 
very large. Therefore, the actual costs 
will vary accordingly. As described ear-
lier, software packages are available to 
accommodate the variety of vehicles, 
materials transported, and operational 
constraints. The purpose of this cost 
simulation effort is to arrive at approxi-
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mate costs per ton of aggregates trans-
ported over a range of distances. To this 
end, we use the same dump truck used 
in the Equipment World estimate above 
(Truck Paper 2014), with the following 
specifications:
2015 model of Mack GU713 Granite 
Tri-Axle Dump, Mack MP8-455M 
HP engine, Allison 4500RDS 6-speed 
automatic transmission, Mack 20,000-
lb front axle, 44,000-lb Mack rear axle 
and camelback suspension, 4.19 ratio, 
11R24.5 rear tires, 16′ Tebco TCM 
AR steel body, electric tarp system, 
20,000-lb nonsteerable lift axle. Price: 
$165,000 new.
Most aggregates are consumed close to 
the place of production, usually within 
40 to 50 mi (64.4 to 80.5 km). Longer dis-
tance transport is possible depending 
on the competition, the desired quality 
of material and price offered, and the 
different modes of transportation acces-
sible. Distance is an important factor 
determining the cost of transportation 
for two primary reasons: (1) the time 
needed for a round trip, and (2) the cost 
of fuel. For example, if the loading and 
unloading time remains unchanged at 
15 minutes and the average truck travel 
speed is 40 mi/h (64.4 km/h), a 20-mi 
(32.2-km) round trip [total distance 
covered of 40 mi (64.4 km)] is completed 
in 1.25 h, whereas it will take 1.75 h if 
the transportation distance is 30 mi 
(48.3 km) but only .75 h for a distance of 
10 mi (16.1 km). In a 12-h workday, the 
truck would make 9.6 roundtrips over 
20-mi (32.2-km) deliveries, but about 7 
over 30-mi (48.3-km) deliveries and 16 
roundtrips over 10-mi (16.1-km) deliver-
ies. The actual transportation cost data 
from 1999 (see Bush and Hayes 1995, 
p. 1) does show lower costs for shorter 
distances, but costs do not increase as 
quickly with distance as the roundtrip 
time would suggest because the aver-
age speed that can be maintained also 
increases with distance. Likewise, the 
fuel efficiency also increases with trip 
distance.
COST SIMULATION 
RESULTS
Table 1 presents the simulation input 
data. The basis for the simulation is a 
single truck owned by the service pro-
vider. The results of the simulation are 
presented in Figure 1. The simulation 
is conducted in intervals of 5 mi (8.1 
km) beginning at a transport distance 
of 3 mi (4.8 km). Operating parameters 
usually remain similar within small 
distance intervals. The average truck 
speed is assumed to increase with the 
trip distance. Sketched into Figure 1 
are also the current market prices for 
sand and gravel and for crushed stone to 
illustrate how the delivered cost of the 
material is influenced by the transporta-
tion costs. At the price of $7 per metric 
ton, free on board, for sand and gravel, 
the delivered price for sand doubles at a 
distance of about 22 mi (35 km). For the 
current crushed stone price of $10 per 
metric ton, free on board, the delivered 
price doubles in about 46 mi (74 km). In 
1999, the data showed prices doubling 
at shorter distances. Since then, the 
market prices of stone and sand have 
risen faster than the cost of transporta-
tion. The number of aggregate produc-
ers has significantly declined in the 
last two decades. This has been due in 
part to pressures of urban sprawl and in 
part to consolidation to fewer but larger 
producers. The severe economic crisis of 
2008 that resulted in a great decline in 
demand resulted in severe production 
cuts that contributed to price consolida-
tion. At the same time, an overcapacity 
developed in the transportation sector, 
resulting in a slower growth in transpor-
tation rates and forcing some providers 
of transportation services to leave the 
market. As demand for aggregates picks 
up, the prices of aggregates and the cost 
of transportation may begin to rise more 
in unison than has been seen in the last 
decade.
The simulation algorithm is in Excel 
format and is easily used and adaptable 
to fit the specific conditions desired by 
the user. All calculations are performed 
with cell-specific directions, avoiding 
complex mathematical formulas. The 
Excel-based algorithm can be down-
loaded from http://isgs.illinois.edu/
sites/isgs/files/files/publications/Truck 
CostSimulation.xlsx.
Table 1 Input data for the simulation
Transportation by truck Amount
Manufacturer’s suggested retail price ($) 165,000
Expected life (years) 10
Expected return on investment (%) 9
Depreciation Straight line
Interest rate (%) 7
Miles/year 100,000
Operating days/year 250
Operating hours/day 12
Average load (metric tons) 24
Trip load time (hours) 0.25
Fuel use (miles/gallon) 6.2
Fuel price ($/gallon) 3.6
Driver wages ($/hour) 25
Benefits (fraction of wages) 0.33
Tire replacement Once per year
Price/tire ($) 400
Number of tires 10
Lube, repair, etc. ($/month) 250
Insurance ($/month) 600
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Figure 1 Simulated costs of aggregate transportation in 2014. For any dis-
tance (x-axis), add the transportation cost shown on the y-axis to the origi-
nal aggregate cost (cost at the extraction site) to get the total cost per ton 
for the commodity. For example, at 22 mi (35 km), the transportation cost 
is $7/ton. The total cost of sand and gravel aggregate will therefore be the 
cost of aggregate at the pit (currently averaging about $7/ton) plus a $7/ton 
transportation cost. Thus, sand and gravel aggregate will cost $14/ton at 
22 mi (35 km) from the source. Crushed stone costs more, about $10/ton. 
Thus, for crushed stone aggregate, the total cost will be $20/ton about 46 
mi (74 km) from the source.
Figure 2 Comparison of 2014 costs of aggregate transpor-
tation by method of estimation. CPI, consumer price index; 
PPI, producer price index.
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In Figure 2, the solid blue line repre-
sents the aggregate transport costs as 
estimated by the simulation. The dashed 
line in blue represents the actual 1999 
costs reported in Bhagwat (2000, p. 1). 
The green line represents the escala-
tion of the actual 1999 cost data using 
the producer price index (PPI). The PPI 
indicates how the manufacturing costs 
of equipment have developed over time. 
Finally, the red line uses the CPI to 
escalate the actual 1999 costs. The main 
observation emerging from the results 
in Figure 2 is that the cost estimates by 
simulation are almost identical to cost 
estimates arrived at simply by applying 
the PPI to the 1999 data. Why should 
one resort to simulation if the PPI gives 
equally accurate results? In part, it is 
because the CPI and PPI are based on 
baskets of selected goods and do not 
isolate the trucking industry, let alone 
the specific trucking sector involved 
in the transportation of construction 
aggregates.
The close alignment of simulated costs 
with the PPI-adjusted costs of 1999 
indicates that the simulation approach 
is fundamentally sound. As a practical 
guide, however, it is important to note 
that the actual transportation costs in 
2014 could be anywhere between the 
three projected curves in Figure 2. As 
noted earlier, the relative importance 
of transportation costs depends on the 
price of stone or sand at the quarry or 
the pit. Since 1999, the prices of aggre-
gates have increased faster than the CPI. 
As a result, these materials can now be 
transported to more distant locations 
before the transportation costs equal the 
price of the transported materials. Con-
sequently, this extends the market reach 
for the producers.
The slower increase in transportation 
costs in comparison with the prices of 
the aggregates themselves also contrib-
utes to holding the cost escalation of 
construction projects in check.  
The recent explosive growth in demand 
for “frac sand” (i.e., sand used in hydrau-
lic fracturing) and its high unit price 
further diminish the significance of 
transportation costs in that market. At 
the same time, the increased demand 
in transportation services caused by 
the demand in frac sand could exert an 
upward pressure on transportation cost 
rates in the future.
CONCLUSIONS
The results indicate that transportation 
cost estimates by truck simulation and 
based on price indices deliver valid and 
useful results. In particular, the use of 
the PPI resulted in values very similar 
to those in the simulation. Transporta-
tion costs have risen less rapidly over the 
past 15 years than the market prices of 
the aggregates themselves. As a result, 
the relative significance of transporta-
tion costs to the buyer of aggregates has 
slightly diminished. In other words, 
aggregates can be transported over 
longer distances before transportation 
costs equal the price of the aggregates 
themselves. It is estimated that in 2014, 
the transportation of crushed stone may 
have doubled its delivered cost about 
46 mi (74 km) from the quarry, and that 
of sand and gravel may have doubled 
its cost about 22 mi (35 km) from the 
pit. Even though either cost estimation 
approach provides similar transpor-
tation cost estimates, the simulation 
approach is preferable because of its 
specificity. The results of this study also 
indicate that frequent cost simulations 
are useful because the market prices of 
aggregates can develop differently than 
the CPI or PPI might suggest.
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ABSTRACT
One of the most important problems 
with building materials experienced 
in the United States, primarily in the 
southeastern states, has been drywall 
suspected of reacting with moisture in 
houses. During the construction boom 
that ensued after nine hurricanes hit 
Florida and the Gulf Coast states in 
2004–2005, including Hurricane Katrina 
in 2005, more than 6,000 homes (and 
others estimate 60,000 to 100,000 homes; 
Herman et al., 2011) that were either 
built or remodeled between 2004 and 
2008 were affected by defective drywall 
imported from China, according to esti-
mates from the U.S. Consumer Product 
Safety Commission (CPSC). By October 
13, 2011, the CPSC had received more 
than 3,900 complaint reports from 42 
states, the District of Columbia, Ameri-
can Samoa, and Puerto Rico regarding 
the corrosion of metal components in 
their homes or negative health symp-
toms suspected to be related to problem-
atic drywall (CPSC 2011a,b). Since 2009, 
the CPSC has engaged several major 
national laboratories and government 
agencies in determining the source of 
the reaction causing metal corrosion 
and any potential hazards associated 
with this reaction, which is believed to 
be related to problematic drywall. This 
paper briefly reviews some theories pro-
posed and describes a materials charac-
terization study conducted by the author 
of one problematic drywall sample and 
two nonproblematic, uncontaminated 
drywall samples. Entrained air voids 
were a distinguishing feature in Amer-
ican-made (uncontaminated) drywall 
that were lacking in the problematic 
drywall. The chemistry was similar in 
all samples and was not a distinguishing 
characteristic.
INTRODUCTION
The Atlantic hurricane season in 2004 
included Hurricanes Alex, Charlie, 
Frances, Gaston, Ivan, and Jeanne. The 
2005 Atlantic hurricane season was 
even more catastrophic for the south-
eastern United States, with three major 
hurricanes: Hurricane Wilma, which 
affected Florida, and Hurricanes Katrina 
and Rita, which devastated much of the 
southern portions of Florida, Alabama, 
Mississippi, Louisiana, and Texas. The 
rebuilding boom in 2006 and 2007 
found building materials in short supply 
because of the significantly increased 
demand. As builders and remodelers 
exhausted the supply of American-made 
drywall, they began utilizing drywall 
imported from China (drywall had first 
been imported from China in 2001). 
Approximately 60% of the imported Chi-
nese drywall passed through ports in 
Florida during the 2006–2007 rebuilding 
boom (Henning and Shoenburg 2009). 
Imports through the Port of Miami 
accounted for 85,273 metric tons of Chi-
nese drywall in 2006, and those through 
the Port of Tampa accounted for 68,927 
tons, representing 70.7% of Chinese 
drywall imports into the United States 
through Florida ports in 2006 (Crangle 
2009). Of the 3,082 cases of problematic 
building materials reported to the U.S. 
Consumer Product Safety Commission 
(CPSC) as of April 2, 2010, 59% were 
located in Florida, 20% were in Louisi-
ana, 6% were in Mississippi, and 5% were 
in Alabama, with the remaining 10% 
in 28 additional states and Puerto Rico 
(CPSC 2011a,b).
Many of the new homes and newly 
remodeled homes began exhibiting 
symptoms unusual for new homes. 
These symptoms included corrosion of 
certain metal components (typically 
copper in air conditioner coils, appli-
ances, electrical fixtures, and plumb-
ing), a rotten egg odor, and reported 
health concerns [Centers for Disease 
Control and Prevention (CDC) 2011]. The 
CDC (2011) separated these health con-
cerns into three categories:
1. issues related to indoor air 
   a. a rotten egg smell 
   b. the smell of matches or  
    fireworks
2. issues related to metal inside homes 
   a. blackened metal components 
   b. corroded metal components 
   c. frequent replacement of metal  
    components in air conditioning  
    units
3. health symptoms 
   a. irritated and itchy eyes and skin 
   b. difficulty breathing 
   c. nasal irritation 
   d. recurrent headaches 
   e. sinus infections 
   f. exacerbation of asthma
The corrosion and reported health issues 
led to extensive studies comparing 
American-made drywall with imported 
drywall, in particular the drywall made 
in China (Glass et al. 2011; Maddalena 
2011; Matheson et al. 2011). Since 2009, 
the CPSC has engaged the Lawrence 
Berkeley National Laboratory (LBNL), 
Environmental Health & Engineering 
Inc. (EH&E), Sandia National Labora-
tories (SNL), the National Institute of 
Standards and Technology (NIST), and 
the U.S. Geological Survey (USGS) in 
studying the problematic drywall to 
determine the cause of the metal cor-
rosion from the potentially problematic 
drywall and any potential hazards asso-
ciated with it (CPSC 2011a, Release  
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#11-327). The Commission had also 
involved other government agencies, 
such as the U.S. Department of Housing 
and Urban Development, the U.S. CDC, 
and the U.S. Environmental Protection 
Agency.
Various scientists and entities have 
suggested several theories in an effort 
to identify the cause of the symptoms 
experienced in the new or remodeled 
homes (CPSC 2009a,b; EH&E 2010; 
Bischel 2011; ChineseDrywall.cc 2011; 
ChineseDrywall.com 2011; Tardi 2011). 
Some of these theories are discussed 
briefly here, as are results of the author’s 
comparative study of three drywall 
samples. This comparative study was 
initiated to determine whether materi-
als characterization, which emphasizes 
mineralogy and microscopy, would be 
of value in determining the source of 
drywall manufacturing (whether Chi-
nese made or American made). A limited 
number of samples were available for 
study. Although additional drywall sam-
ples of known origin were sought from 
the CPSC for a follow-up study, the CPSC 
was unable to release any of its samples. 
Even though the source of the contami-
nation or the cause of the reaction was 
not determined, a clear, distinguishing 
air void feature was identified that had 
not been reported previously. American-
made drywall is processed to include 
entrained air; however, the problematic 
drywall contained only entrapped air 
and had no entrained air voids. This 
is a useful and important observation 
because the air void system present in 
drywall samples can now most likely, 
with further validation and confirma-
tion in drywall samples of known origin, 
be utilized to determine the source 
of manufacturing. This result would 
indicate that drywall with entrained 
air voids is most likely American made 
and most likely uncontaminated (most 
American-made drywall was not and 
is not contaminated), and drywall with 
entrapped air only is most likely Chinese 
made and may or may not be contami-
nated (not all Chinese-made drywall is 
or was contaminated).
DRYWALL 
MANUFACTURING
Drywall, also known as gypsum board, 
wallboard, or plasterboard, is a noncom-
bustible panel board made primarily 
of gypsum covered with paper on the 
front and back sides (Gypsum Asso-
ciation 2015d). Gypsum is calcined to 
remove about 75% of the bound water. 
Mined gypsum (CaSO
4
∙2H
2
O) is crushed, 
ground to a powder, and heated to 
approximately 150 °C (300 °F) to remove 
most of the chemically combined water. 
The calcined gypsum, also known as 
hemihydrate (CaSO
4
), is combined with 
additives of starch, paper pulp, emulsi-
fier (thickening agent), and water to form 
a gypsum paste or slurry. The slurry is 
fed 3/8 to 3/4 inch thick (9.5 to 19.0 mm 
thick) between two pieces of continuous 
manila paper, at which time the slurry 
adheres to the paper and recrystallizes 
to gypsum through rehydration. The 
board is heated to approximately 260 °C 
(500 °F) for about 30 minutes to remove 
any excess moisture, and then cut to 
designated sizes. Synthetic gypsum is 
increasingly being used in place of natu-
ral mined gypsum (Crangle 2009; USG 
2011; American Gypsum 2015; Gypsum 
Association 2015d). The former is a 
by-product of coal-fired power plants 
through fossil-fuel flue gas desulfuriza-
tion (Gypsum Association 2015c; Lafarge 
North America 2011). Over time, air 
entrainment was added to the process-
ing to decrease the weight and increase 
the durability (decrease the brittleness) 
of the drywall (Gypsum Association 
2015b).
The typical drywall composition, as 
indicated in the Lafarge North America 
Material Safety Data Sheet for drywall 
(Lafarge North America 2015; see Table 
1), shows 70 to 90% gypsum, 60 to 65% 
calcite, 2 to 3% mica, and a possibil-
ity (0 to 10%) of eight other phases. 
Advantages of drywall include its fire 
resistance, sound attenuation, durabil-
ity, economy, and versatility. In North 
America, the United States and Canada 
manufacture more than 20 billion 
square feet (1.9 billion square meters) of 
drywall per year (Gypsum Association 
2015b; USGS 2015).
REACTION THEORIES
Theory 1: Strontium  
Sulfide Chemical Reaction
Originally, one theory was that the 
 problematic Chinese-made drywall 
might contain higher levels of strontium 
(Sr) than the American-made drywall. 
Table 1 Typical drywall composition1
Phase Composition Weight %
Gypsum (calcium sulfate) CaSO4∙2H2O 70–90
Calcite (calcium carbonate) CaCO3 60–65
Cellulose (C6H10O5)n   0–10
Crystalline silica (quartz) SiO2 0–2
Vermiculite (Mg,Fe,Al)3(Al,Si)4O10(OH)2   0–10
Potassium sulfate KSO4 0–5
Starch (C6H10O5)n 0–5
Fiberglass (continuous filament) SiO2 0–5
Mica K(Mg,Fe)3(Si3Al)O10(OH,F)2 2–3
Paraffin wax (fume) CnH2n+2 0–2
Boric acid H3BO3 0–1
1Source: Lafarge North America (2015).
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The Chinese-made drywall was pos-
tulated to be reacting with humidity 
(and possibly formaldehyde and other 
aldehydes) to form hydrogen sulfide 
(H
2
S) gas, creating a rotten egg odor and 
causing the corrosion of metal (CPSC 
2009a,b; EH&E 2010; Bischel 2011). 
Strontium in the Chinese drywall was 
speculated to be present as strontium 
sulfide (SrS; Bischel 2011), which, in 
moist air, slowly released H
2
S (Cameo 
Chemicals 2015). It is possible that in 
China, manufacturers apply a coating 
to drywall they expect to be placed in 
humid environments, such as bath-
rooms and kitchens. Thus, drywall 
reactions with moisture typically are 
not evident or are not an issue in China 
(personal communication, 2011).
One source of SrS was speculated to be 
coal fly ash (ChineseDrywall.com 2011). 
In North America, the Gypsum Asso-
ciation has indicated its members are 
allowed to use synthetic gypsum in the 
production of drywall, but not fly ash. 
Fly ash cannot be used as a substitute 
for gypsum because it has a different 
composition (Gypsum Association 2009, 
2015a). The Gypsum Association makes 
this distinction because drywall pro-
duced in China might include coal fly 
ash.
Theory 2: Pyrite Inclusions
Another theory suggests that relatively 
greater levels of pyrite (FeS
2
) are pres-
ent in imported drywall compared with 
American-made drywall and that this 
pyrite may react with moisture to form 
H
2
S gas, causing odor and corrosion 
(ChineseDrywall.cc 2011). The pyrite 
inclusion theory, however, does not 
seem applicable in this particular case 
study because iron (Fe) was not detected 
in the crushed powders by scanning 
electron microscopy–energy-dispersive 
spectrocopy (SEM-EDS; Table 2), pyrite 
was not detected by quantitative X-ray 
diffraction (QXRD; Table 3), and only a 
few small (<1-µm) grains of pyrite were 
observed in Drywall B and Drywall C by 
reflected light optical microscopy (RLM) 
and SEM-backscattered electron imag-
ing (BSI).
Theory 3: Sulfur-Reducing  
Bacteria
A third theory suggests sulfur (S)-
reducing bacteria caused the reaction in 
Chinese drywall, forming H
2
S gas that 
created odors and corrosion (Chinese-
drywall.com 2011; Tardi 2011). Some 
researchers have identified the Fe- and 
S-reducing bacteria Thiobacillus ferroox-
idans as present in larger concentrations 
in Chinese drywall and as not identified 
(below detection levels) in American-
made drywall (Defendorf 2010; Tardi 
2011). Thiobacillus ferrooxidans are the 
same bacteria used in metal extraction 
and acid mine drainage to convert sul-
fides to oxides, a reaction that creates 
unpleasant odors (Power et al. 2010; 
Andrews et al. 2013). Tardi (2011) specu-
lated that one source of T. ferrooxidans 
Table 2 Scanning electron microscopy–energy-dispersive spectroscopy (SEM-EDS) semiquantitative oxide by difference 
(%) results for crushed drywall1,2
Oxide by difference Drywall A Drywall B Drywall C
MgO ND 0.2 0.6
Al2O3 ND 0.1 0.9
SiO2 0.6 1.4 2.7
FeO ND ND ND
SO3 37.4 36.7 32.2
CaO 61.9 61.2 63.2
SrO 0.1 0.5 0.5
Normalized total 100.0 100.0 100.1
1ND, not detected (below the SEM-EDS detection limit of approximately 0.1%). 
2Oxide by difference indicates oxygen is not quantified (because oxygen quantification by SEM-EDS is typically not accurate), and  
 oxygen is therefore calculated for each cation.
Table 3 Rietveld quantitative X-ray diffraction (QXRD) results (%) for crushed drywall1
Phase Composition Drywall A Drywall B Drywall C
Gypsum CaSO4∙2H2O 63.9 78.2 75.0
Anhydrite CaSO4 20.5 1.3 ND
Bassanite 2CaSO4
–H2O 6.5 9.1 2.2
Dolomite CaMg(CO3)2 8.9 9.3 8.0
Calcite CaCO3 ND ND 10.0
Quartz SiO2 0.2 2.1 1.2
Plagioclase (Na,Ca)(Si,Al)4O8 ND ND 1.9
Celestine SrSO4 ND ND 1.7
1ND, not detected (below the QXRD detection limit of approximately 0.1%).
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bacteria might be from contaminated 
water used in processing the Chinese 
drywall.
The CPSC has dismissed this bacteria 
theory based on a study conducted by 
the USGS, in which four methods were 
used and no S-reducing bacteria were 
identified (CPSC 2011a, Release #11-327; 
Matheson et al. 2011). The four methods 
used by Matheson et al. (2011) in the 
USGS study were epifluorescent micros-
copy, quantitative polymerase chain 
reaction, enrichment culture followed 
by quantitative polymerase chain reac-
tion, and genetic sequencing.
DRYWALL SAMPLES  
SPECIFIC TO THIS STUDY
In this study, three samples obtained 
in the first half of 2009 were analyzed: 
(1) Drywall A, from a residence exhib-
iting no symptoms; (2) Drywall B, 
American-made drywall purchased 
from a Midwestern hardware store on 
March 30, 2009; and (3) Drywall C, from 
a residence in Florida with the problem-
atic drywall symptoms of a rotten egg 
odor and copper wire corrosion. Figure 
1 shows a cross section of the drywall 
samples as received.
SEM-EDS Semiquantitative 
Chemistry of Whole-Sample 
Crushed Drywall Powder
A portion of each of the three drywall 
samples was crushed to a powder and 
analyzed by SEM-EDS for semiquan-
titative bulk analyses. The SEM-EDS 
method does not detect hydrogen (H) 
and typically does not quantify carbon 
(C). Energy-dispersive spectroscopy 
chemistry results were quantified as 
oxides [oxygen (O) by difference] and 
normalized to 100% (Table 2), which is 
the typical presentation of SEM-EDS 
results.
Figure 1 Drywall samples as received in 2009 cross sec-
tions: (a) labeled Drywall A, from a residence with no symp-
toms; (b) labeled Drywall B, from a Midwestern hardware 
store; and (c) labeled Drywall C, from a Florida residence with 
problematic drywall symptoms.
a b
c
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Scanning electron microscopy results 
for the crushed drywall showed similar-
ities across all three samples in calcium 
(Ca), and slightly less S in Drywall C (the 
problematic drywall sample) compared 
with Drywall A (the drywall sample 
with no symptoms) and Drywall B (the 
locally purchased drywall sample with 
no symptoms). Drywall B and Drywall C 
had the same amounts of Sr.
Drywall Sample  
Preparation for Microscopy
Polished thin sections of each drywall 
sample were prepared. The drywall 
samples were embedded in epoxy, 
mounted on a glass slide, and ground to 
30 µm thick, and the surfaces were pol-
ished. Oil, rather than water, was used 
as a grinding medium to prevent oxida-
tion during preparation of the polished 
thin sections. The polished thin sections 
provided 30-µm-thick cross sections 
of the drywall samples for transmit-
ted light optical microscopy (TLM), as 
well as polished surfaces for RLM and 
SEM. A Hitachi S570 scanning electron 
microscope equipped with a lanthanum 
hexaboride (LaB
6
) filament, silicon (Si) 
drift detector (SDD), and 4pi EDS system 
was utilized.
SEM Study of  
Polished Thin Sections
Drywall C had Sr in the form of stron-
tium sulfate (SrSO
4
), as determined by 
SEM-BSI and SEM-EDS (Figure 2). The 
particle probed by SEM-EDS shown in 
Figure 2 was bright white, with approxi-
mately 1% silicon dioxide (SiO
2
, con-
firming that it was not a Si-rich particle, 
which would be darker) and approxi-
mately 66% strontium oxide (SrO) and 
33% sulfur trioxide (SO
3
). Although the 
EDS results were not stoichiometrically 
SrSO
4
, which would have been 56% SrO 
and 44% SO
3
, a strong O peak was quite 
clear (Figure 2b), and this phase was 
not SrS. If this particle had originally 
been SrS and had already oxidized (by 
the addition of water), one would expect 
the oxidized particle to be strontium 
hydroxide [Sr(OH)
2
], with the S combin-
ing with moisture, forming H
2
S gas and 
leaving no S remaining (MacMillan et al. 
2002; Cameo Chemicals 2015).
Quantitative X-ray Diffraction
Rietveld QXRD was applied to crushed 
powders of the three samples in this 
study by utilizing a Scintag X-ray dif-
fractometer (at 40 kV and 30 mA) and 
RIQAS Rietveld quantitative software 
from Materials Data, Inc. (MDI; Table 3). 
The results showed that the main phase 
in all three samples was gypsum (64% 
to 78%) and that anhydrite was a sig-
nificant phase in Drywall A only (21%). 
Bassanite (2% to 9%) and dolomite (8% 
to 9%) were present in all three samples, 
as was quartz (<2%). Calcite (10%) and 
plagioclase (2%) were present in Drywall 
C only. Celestine (SrSO
4
, also known as 
celestite) was also identified in Drywall 
C only (<2%). Celestine occurs naturally 
mostly in sedimentary rocks, often in 
association with gypsum, anhydrite, 
and halite (Mindat.org 2011). Strontium 
sulfide was not detected in any of the 
three samples. A small hump (shoulder) 
existed at the main S peak (23.1° 2θ) in 
Drywall C, which overlapped with a 
secondary calcite peak. This peak also 
overlapped with anhydrite in Drywall A 
and did not exist in the Drywall B XRD 
pattern. Although it was possible that 
elemental S was present in Drywall C 
based on XRD results, it would have 
been approximately <0.5%, and another 
technique would have been required to 
verify the presence of elemental S.
Although the amount of celestine 
determined by QXRD in Drywall C was 
greater than would be calculated from 
the amount of SrO determined by SEM-
EDS, the results by both QXRD and 
SEM-EDS were too close to their detec-
tion limits to accurately quantify celes-
tine (QXRD) and SrO (SEM-EDS). Even 
though celestine and SrO could not be 
quantified, they were positively identi-
fied as being present in Drywall C.
Identifying celestine in the crystalline 
form by QXRD in Drywall C confirmed 
the Sr–S–O result in a polished thin 
section by SEM-EDS. The absence of 
celestine and any other phase contain-
ing Sr in Drywall B by QXRD, which had 
the same amount of Sr in the crushed 
powder as Drywall C, was indicative that 
Sr was noncrystalline (amorphous) in 
Drywall B. Thus, although the forms of 
Sr were different in the nonproblematic 
drywall compared with the problematic 
drywall (amorphous compared with 
SrSO
4
 in the respective drywall sam-
ples), celestine is an essentially stable 
phase and only very slightly soluble in 
water (Mindat.org 2011). In this study, 
SrS was not identified in either the prob-
lematic or the nonproblematic drywall. 
Although SrSO
4
 was identified in the 
problematic drywall, it is a relatively 
stable phase.
Textures
Cross-sectional views of the drywall 
samples in this study showed that 
Drywall A and Drywall B were air-
entrained, with essentially uniform 
and spherical voids (Figure 3a,b). Air-
entrainment refers to material (drywall, 
in this case) in which small air bubbles 
have purposely been introduced into the 
drywall during production. The practice 
of air-entrainment originated in dry-
wall production decades ago to reduce 
the weight, and thus the expense, of 
transporting drywall. Air-entrainment 
is also a common practice in the produc-
tion of concrete. In this study, Drywall 
C showed entrapped air only (Figure 
3c), which is air that had been trapped 
during the mixing of drywall and not 
intentionally created or added during 
production. Entrapped air is typically 
nonuniform, with distorted (nonspheri-
cal) shapes. The distinction between 
air-entrained drywall (Figures 4a,b) and 
entrapped-air drywall (Figure 4c) can 
clearly be observed at a higher magnifi-
cation.
For this study, drywall samples were 
prepared expressly to observe cross 
sections, which proved beneficial in dis-
tinguishing between problematic and 
nonproblematic drywall. For the three 
drywall samples examined, entrained-
air versus entrapped-air textures clearly 
distinguished the nonproblematic dry-
wall with entrained air (Drywall A and 
Drywall B) from the problematic dry-
wall with only entrapped air (Drywall 
C). Although the air bubble textures did 
not indicate the source or cause of the 
reactions, the air bubble textures were 
inherent to the problematic drywall. 
It appears from this preliminary study 
of the three samples that air-entrained 
drywall is most likely American made 
116
100  μm
a
b
Figure 2 Scanning electron microscopy (SEM) of Drywall C, showing (a) a backscattered electron image 
(BSI) with the circled white particle probed in (b), and (b) energy-dispersive spectrometry (EDS) of the white 
particle in (a) showing Sr–S–O peaks (red lines indicate gold peaks used to coat the polished thin section to 
prevent charging).
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400  μm 400  μm
400  μm
500  μm 500  μm
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a b
c Figure 3 SEM-BSI of polished thin sections 
showing cross-sectional views of drywall: (a) 
Drywall A, with entrained air; (b) Drywall B, with 
entrained air; and (c) Drywall C, with entrapped 
air. 60× magnification.
a b
c Figure 4 SEM-BSI of polished thin sections 
showing cross-sectional views of drywall: (a) 
Drywall A, with entrained air, (b) Drywall B, with 
entrained air, and (c) Drywall C, with entrapped 
air. 120× magnification.
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and not problematic, whereas dry-
wall with entrapped air only (with no 
entrained air) is most likely Chinese 
made.
Additional samples of known origin 
(Chinese made and American made) 
and the reaction state (unreacted 
and reacted) are required to validate 
this observation of entrained versus 
entrapped air. An effort was made to 
obtain samples of known origin from the 
CPSC, with the aid of U.S. Representa-
tive Jo Ann Emerson and her very help-
ful staff; however, such samples were 
not obtainable because of the controlled 
nature of those samples (they were 
unable to be released) in May of 2010.
SUMMARY AND 
CONCLUSIONS
Much effort and expense has been 
expended by many researchers, scien-
tists, national laboratories, independent 
laboratories, government agencies, and 
consulting firms to study the problem-
atic drywall. Several theories have been 
suggested as to the cause and possible 
reactions, and three of these theories 
are briefly addressed here. One area of 
drywall study that appears to have been 
overlooked is air void textures. This 
study demonstrated clearly that the non-
problematic drywall samples contained 
entrained air, whereas the problematic 
drywall samples did not, but rather con-
tained only entrapped air. Additional 
drywall samples of known origin are 
required to validate this textural feature 
as being consistent in contaminated 
versus uncontaminated drywall. By 
identifying entrained air voids (indicat-
ing the drywall was American made and 
thus uncontaminated) versus entrapped 
air voids only (indicating the drywall 
was most likely Chinese made and pos-
sibly contaminated), the manufactur-
ing source of American-made versus 
Chinese-made drywall might be deter-
mined, which would aid in determining 
uncontaminated versus possibly con-
taminated drywall.
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ABSTRACT
The volume of flue gas desulfuriza-
tion (FGD) by-products is expected 
to increase as a result of continued 
stringent federal and state regulations 
requiring significant reductions in 
sulfur oxide and other pollutants. Simul-
taneously, the agricultural profile of Illi-
nois is changing to meet the demand for 
more ethanol. Changes in fertilization 
methods and crop rotation, coupled with 
environmental requirements to upgrade 
to clean-burning coal systems, could 
link the agricultural and power-genera-
tion markets in the state of Illinois in the 
form of FGD by-products utilized as fer-
tilizer additives. Previous studies have 
shown that treating manure with coal 
combustion by-products, such as those 
from FGD, can provide beneficial results 
in stabilizing manure phosphorus and 
increasing yields. Many studies have, 
however, not focused on the mineralogi-
cal and chemical composition of FGD 
by-products when mixed with manure 
and the possible environmental impacts 
from the leaching of potential ground-
water contaminants.
The main objective of this project was to 
characterize and compare samples from 
three separate coal-fired power plants 
in Illinois to investigate the mineralogi-
cal and chemical composition of differ-
ent ratios of FGD by-products to swine 
manure. The mineralogical properties 
of the FGD samples were determined 
by X-ray diffraction methods. Chemical 
composition was determined by induc-
tively coupled plasma spectroscopy-
mass spectroscopy and whole-rock X-ray 
florescence after the FGD by-product–
manure mixtures were subjected to a 
Standard Test Method for Shake Extrac-
tion of Solid Waste with Water. When 
the samples were exposed to water, 
bassanite was converted to gypsum. 
Chemical analysis demonstrated that 
the ratio of FGD by-products to manure 
could determine the concentrations of 
soil nutrients such as phosphate or cal-
cium that would have a direct impact on 
crop variables such as root growth, crop 
yield, crop health, or growth rates. The 
concentrations of aluminum, cadmium, 
cobalt, chromium, molybdenum, nickel, 
lead, antimony, and zinc in the 18-hour 
and 26-day laboratory extracts were at or 
less than the analytical detection limits. 
Arsenic was not detected in any of the 
extracts. Selenium was present, but in 
trace amounts near the analytical detec-
tion limits. The reaction pH values of the 
sample mixtures suggested that poten-
tial groundwater contaminants would 
be relatively insoluble. Considering the 
chemical and mineral characteristics of 
the FGD by-product–manure mixtures, 
however, it is still difficult to accurately 
predict environmental interactions in an 
open system. Additional work is needed 
before FGD by-product–manure mixes 
can be applied in commercial agricul-
tural practices.
INTRODUCTION  
AND BACKGROUND
Coal combustion by-products (CCBs) 
from flue gas desulfurization (FGD) 
units are produced in coal-burning 
power plants, where limestone is gen-
erally used to remove sulfur dioxide 
(SO
2
) from the flue gas. The by-products 
consist of a mixture of coal ash, sulfate 
(SO
4
2−) and sulfite (SO
3
2−) minerals, and 
limestone sludge with alkaline compo-
nents in the form of carbonates, hydrox-
ides, and oxides (Stehouwer et al. 1999). 
In the United States, electricity-gen-
erating plants must adopt methods to 
remove SO
2
 from exhaust gas to comply 
with air-quality standards set by the 
U.S. Environmental Protection Agency 
(USEPA). Limestone-based FGD is 
among the commonly used methods for 
SO
2
 removal, with almost 75% of CCBs 
produced by these methods disposed of 
in landfills and ash ponds (Stout et al. 
1998).
In June of 2006, the Illinois Coal Indus-
try Report from the Office of Coal 
Development emphasized the need for 
researchers in the Illinois coal industry 
to make efforts in the areas of coal gasifi-
cation, carbon sequestration, fine-coal 
recovery, and emissions reduction. From 
2004 to 2005, Illinois coal production 
increased by almost one million tons, 
the largest increase since 1994, accord-
ing to the same report (Lavin 2006). The 
report also pointed out that in the near 
future, affordability and regulations 
could become issues for many facili-
ties that are presently large consum-
ers of Illinois coal. To meet air-quality 
standards, many coal-using companies 
must upgrade their coal-burning sys-
tems, which in turn will produce more 
CCBs. Specifically, many plants have 
converted or will convert facilities to use 
FGD processes. As this trend continues, 
additional environmental regulations 
that could limit disposal or utilization 
options are a distinct possibility, creat-
ing a large surplus of waste product.
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Simultaneously, the agricultural profile 
of the state of Illinois is shifting to meet 
the demand for more ethanol and lessen 
the demand for foreign fuels. More 
farmers are growing ethanol precursor 
crops in an attempt to maximize gain 
in a demand-driven market. Illinois is 
the nation’s second leading producer of 
corn, as well as a major coal-producing 
state, and will be affected by rising 
energy demands (Zimmerman 2008). 
With the increase in cropland used to 
grow plants for ethanol production, 
shifts from other land uses (pasture, 
fallow acreage, acreage returning to pro-
duction from the expiring Conservation 
Reserve Program contracts, and other 
crops) will occur, coupled with a shift 
in crop rotation to maximize ethanol 
crop production, leading to an increased 
demand for fertilizer (Westcott 2007). 
Naturally, this will open a market for 
inexpensive fertilizers.
The coal industry and agricultural 
industries are thus intertwined in the 
alternative fuels and power-generation 
markets. Potential economic gains 
resulting from mutually beneficial, yet 
previously underutilized, products (such 
as FGD by-products as a manure fertil-
izer additive) would provide grounds 
for exploration into the commercial 
possibilities of such products (Korcak 
1998). Before this step, research should 
be conducted to determine the potential 
environmental impacts of CCB use in 
agriculture.
Spreading manure on the surface of 
fields or pastureland is a common prac-
tice for many farmers, with application 
occurring during both the growing 
season and the nongrowing season, as 
dictated by storage capacity, seasonal 
weather variations, and seasonal labor 
constraints. However, manure applica-
tion has potential problems. For exam-
ple, in addition to nitrates, bacteria, and 
viruses, the phosphorus (P) in manure 
is prone to leaching and runoff, particu-
larly if applied during the nongrowing 
season. Mixing FGD by-products with 
manure could solve some problems 
[such as phosphate (PO
4
3−) leaching] and 
provide a new market for the FGD waste 
product.
Treating manure with CCBs, such as 
FGD by-products, before field applica-
tion has been shown to stabilize soluble 
P in some studies (Stout et al. 1998; Dou 
et al. 2003; Zhang et al. 2004). In other 
studies, these CCBs have been used 
as soil amendments and have dem-
onstrated agronomic benefits, such as 
reduced subsoil acidity, improved root 
growth, and better crop yields (Stout et 
al. 1979; Stehouwer et al. 1999). One less 
studied aspect is the possibility of CCBs 
adding detrimental trace elements, such 
as arsenic (As) and selenium (Se), to the 
environment. Coal contains a number of 
trace metals that become concentrated 
in the resulting CCBs. Once the trace 
constituents leave the boiler in the flue 
gas, they may condense on fly-ash par-
ticles, be removed by FGD processes, or 
remain in the flue gas and be emitted 
into the environment through the stack 
(Kairies et al. 2006). If incorporated as a 
fertilizer additive, there is a chance that 
the runoff of these metals into surface 
waters could lead to contamination 
and eventual biomagnification of toxic 
metals in the ecosystem. The possibil-
ity of contamination could depend on 
a number of factors, such as the source 
and quality of coal being burned, the 
source and quality of the limestone used 
in the FGD scrubber unit, and the com-
bustion process itself (Alvarez-Ayuso 
and Querol 2008a).
The main objective of this laboratory-
scale project was to provide preliminary 
information on the potential use of 
FGD by-products as a manure additive, 
with the ultimate goal of determining 
methods to further test the products in 
an effort to promote CCBs as marketable 
resources in the future. Previous studies 
have pointed to the possible benefits of 
combining CCBs with manure but have 
not fully analyzed the possible mobiliza-
tion of constituents in the CCBs into the 
environment.
MATERIALS AND METHODS
Sample Sources
Three coal-fired power plants that burn 
bituminous coal from the state of Illi-
nois and use limestone-based FGD wet 
scrubbers to remove sulfur (S) emissions 
were selected for this study (Table 1). 
Representative samples of FGD by-prod-
ucts were collected from power plants 
A–C (Figure 1).
Bulk grab samples were procured from 
dewatered FGD by-product piles at 
plants A and C. The plant B sample was a 
sludge that had not undergone dewater-
ing at the time of sampling because the 
convection dryer in the plant was not 
operating; the  plant B sample was air-
dried in the laboratory. Samples were 
split to obtain representative subsam-
ples for the mineralogy and extraction 
experiments (ASTM C702/C702M-11, 
ASTM 1998/2011). In all three loca-
tions, on-site employees referred to the 
samples as “gypsum.” The swine manure 
slurry samples were procured from the 
Department of Animal Sciences at the 
University of Illinois at Urbana-Cham-
paign in the form of liquid hand samples 
(grab samples). This set of samples was 
dried, split (ASTM C702/C702M-11, 
ASTM 1998/2011), and then used for all 
subsequent experiments. After the sam-
ples were collected from each facility, a 
protocol for sample mixtures was estab-
lished to allow for comparisons among 
all three samples in terms of simple 
matrix mixtures (Table 2).
Sample Analysis and Testing
Mineralogical analyses for the pure 
FGD samples were performed at the 
Illinois State Geological Survey (ISGS) 
with a Scintag XDS2000 instrument 
using a random powder bulk pack 
method (Hughes and Warren 1989). 
Step-scanned data were collected from 
4° to 60° 2θ with a fixed time of 2 sec-
onds per 0.05° 2θ at 40 kV and 30 mA for 
each sample and analyzed using Jade+ 
software (Materials Data Incorporated, 
Livermore, California).
The FGD waste–manure mixtures were 
subjected to ASTM Method D-3987, the 
Standard Test Method for Shake Extrac-
tion of Solid Waste with Water (ASTM 
1992), for 18-hour extraction periods in 
a 1:20 solid:liquid ratio. A 26-day extrac-
tion was performed using the same 
ASTM method but altering the mixing 
time to a longer time frame to study pos-
sible long-term extraction results. After 
centrifugation, the liquid was sepa-
rated from the solid phases by vacuum 
through a Millipore 0.45-μm membrane. 
The liquid samples were analyzed for 
aluminum (Al), As, boron (B), barium 
(Ba), beryllium (Be), calcium (Ca), cad-
mium (Cd), cobalt (Co), chromium (Cr), 
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Table 1 Characteristics of three coal-fired power plants from which the flue gas desulfurization (FGD) by-product samples were 
collected
Coal plant Coal type Scrubber type Limestone source FGD form FGD by-product disposal
A Bituminous Wet scrubber Southeast Missouri Gypsum 
powder
U.S. Gypsum. Used by farmers as a soil 
softener; used by fungus growers as 
substrate.
B Bituminous Wet scrubber Ullin Limestone from 
Jonesboro Quarry, 
southern Illinois
Gypsum 
sludge
Resold on the open market (gypsum 
board) or stored in a holding pond.
C Bituminous Wet scrubber 
(jet bubbler)
Burlington Limestone 
from Quincy, Illinois
Gypsum 
powder
Trucked back to mine.
Plant A
Plant C
Plant B
0 60 mi
0 100 km
N
Table 2 Matrix of the flue gas desulfurization (FGD) 
by-product–manure sample mixtures1
Coal plant
% of FGD sample/% of manure
100/0 75/25 50/50 25/75 100/0
A A1 A2 A3 A4 D1
B B1 B2 B3 B4 —
C C1 C2 C3 C4 —
1Refer to this table to understand the material matrix when 
 considering data in Tables 3, 5, and 6.
Figure 1 Approximate location map of 
flue gas desulfurization sample sites 
from coal-fired power plants in Illinois.
copper (Cu), iron (Fe), potassium (K), 
lanthanum (La), lithium (Li), magne-
sium (Mg), manganese (Mn), molybde-
num (Mo), sodium (Na), nickel (Ni), lead 
(Pb), S, antimony (Sb), scandium (Sc), 
selenium (Se), silicon (Si), strontium (Sr), 
titanium (Ti), thallium (Tl), vanadium 
(V), and zinc (Zn) by inductively coupled 
plasma-mass spectrometry (ICP-MS) 
at the Illinois State Water Survey in 
Champaign (Method 200.7, Revision 4.4, 
USEPA 1994). The solution concentra-
tions of chloride (Cl−), nitrate (NO
3
−), 
PO
4
3−, and SO
4
2− were determined by ion 
chromatography using a Dionex DX-120 
instrument with an AS40 automated 
sampler (Pfaff et al. 1991; Method 300.0, 
Revision 2.1, USEPA 1993).
Chemical analyses for trace elements in 
the solid samples were determined by 
Activation Laboratories Ltd. (Ontario, 
Canada) with Code 4B2, an ICP-MS 
package that is unique in its scope of ele-
ments and detection limits. Activation 
Laboratories’ WRA-XRF Code 4c option, 
a fusion X-ray fluorescence (XRF) whole-
rock package, was used to determine 
the concentrations of major and minor 
elements (reported as oxides; Butler et 
al. 2009). The resulting chemical data 
from the extractions were used as inputs 
to the geochemical model, PHREEQCi 
(Parkhurst et al. 1980/1990). This model 
was used to investigate solid-phase 
equilibria of the FGD waste–manure 
mixtures.
RESULTS AND DISCUSSION
Pure FGD Sample Mineralogy
Plant A Sample. The FGD by-product 
sample collected from plant A was com-
posed mainly of calcium sulfate (CaSO
4
). 
Calcium sulfate crystals in the FGD were 
observed by using a scanning electron 
microscope (SEM) and confirmed by 
accompanying energy-dispersive X-ray 
spectroscopy (EDX; Figure 2). The back-
scatter images of the samples compared 
favorably with those of gypsum found in 
the SEM Petrology Atlas (Welton 1984).
The mineralogy of CaSO
4
 in the plant 
A preextraction sample was somewhat 
unexpected. The XRD trace analysis 
indicated the sample contained bas-
sanite (CaSO
4
∙0.5H
2
O) and gypsum 
(CaSO
4
∙2H
2
O; Figure 3, top panel). The 
bassanite peaks yielded the greatest 
intensity, followed by the gypsum peaks. 
A whole-pattern-fit plug-in from the 
Jade+ software was also used to obtain 
semiquantitative mineral percentages 
demonstrating the mineral content. It 
is possible that calcite, a remnant of the 
limestone used in the desulfurization 
process, was present, but the corre-
sponding mineral peaks were hidden by 
a gypsum peak. Thus, the software could 
not resolve its presence to include it in 
any calculations. Bassanite (89.4%) and 
gypsum (10.6%) were calculated, and 
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Figure 2 Image of a plant A sample under a scanning electron microscope with accompanying energy-dispersive X-ray 
spectrum showing calcium sulfate crystals in the flue gas desulfurization by-product before extraction.
the percentages intuitively matched the 
qualitatively observed peak intensities 
of the respective minerals.
A significant change in mineralogy 
occurred in the postextraction FGD 
by-product sample from plant A (Figure 
3, bottom panel). The gypsum peaks 
increased in intensity and were the most 
prominent peaks compared with those 
of bassanite and the calculated mineral 
percentages (gypsum 83.4%; bassanite 
16.6%), thus were juxtaposed. Calcite 
may have been present, but the peaks 
were unresolvable because of back-
ground interference.
Plant B Sample. The XRD trace of 
the plant B FGD by-product sample 
before the extractions contained bas-
sanite, calcite, gypsum, hannebachite 
(CaSO
3
∙0.5H
2
O), and portlandite 
[Ca(OH)
2
; Figure 4, top panel]. The 
calcite peaks showed slightly more 
intensity than the bassanite peaks. 
Semiquantitative calculations showed 
the sample to be nearly one third hanne-
bachite (36.0%), one third bassanite 
(26.8%), and one third calcite (30.5%). 
Only small percentages of both gypsum 
(4.4%) and portlandite (2.2%) were pres-
ent. Semiquantitative calculations in 
the postextraction trace do not include 
bassanite or portlandite because, again, 
the peaks required to make positive 
identifications were either transposed 
onto other mineral peaks or were lost 
to background interference. Thus, it is 
difficult to use the semiquantitatively 
calculated mineral percentages to ade-
quately understand the sample. Quali-
tative analysis in the postextraction 
FGD sample (Figure 4, bottom panel) 
clearly demonstrated that gypsum peaks 
became the strongest within the trace. 
Gypsum (47.4%) and calcite (36.9%) were 
nearly equal in calculated percentages, 
but we did not see the same type of 
gypsum-to-bassanite conversion from 
pre- to postextraction that we saw in the 
other two power plant samples. No bas-
sanite was calculated in the postextrac-
tion XRD trace, although hannebachite 
(15.8%) still displayed intense mineral 
peaks.
Plant C Sample. The plant C FGD by-
product sample contained bassanite 
(76.9%), calcite (13.3%), and gypsum 
(9.8%) before the extractions, accord-
ing to the semiquantitative XRD trace 
analysis (Figure 5, top panel). Bassanite 
peaks were more intense than gypsum 
peaks, and calcite peaks were clear 
enough to calculate a value.
In the postextraction samples (Figure 5, 
bottom panel), a change in mineralogy 
was observed: the intensity of gypsum 
peaks became dominant and the trace 
was nearly identical (in terms of intensi-
ties of all mineral peak ratios) to that of 
the plant A XRD postextraction trace. 
Mineral percentages of gypsum (79.5%) 
and bassanite (20.5%) also reacted 
similarly to those of the plant A sample. 
The similar changes in postextraction 
mineralogy for samples from plants A 
and C are likely a result of the similar 
scrubber systems used at both plants 
and the forced oxidization methods 
used on the wet FGD by-products. They 
could also indicate that the coal or the 
scrubber limestone used, or both, were 
chemically and mineralogically similar 
at plants A and C.
Comparison of the FGD Samples.  
The preextraction FGD samples all con-
tained bassanite and gypsum. Preex-
traction mineralogy traces for samples 
collected from plants A and C indicated 
bassanite was the dominant mineral 
phase, gypsum occurred in smaller 
portions, and calcite was present in the 
plant C sample (Figure 5, bottom panel). 
The XRD trace for the preextraction FGD 
sample from plant B contained the same 
mineral phases as in plant A and C sam-
ples but also identified hannebachite 
and portlandite in the plant B sample. 
More calcite (30.5%; Figure 4, top panel) 
was present in the plant B sample than 
in the other two samples. The presence 
of calcite might indicate that some of the 
calcite material did not undergo a com-
plete conversion to a Ca-S phase during 
the desulfurization process (Alvarez-
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Figure 3 Comparison of X-ray diffraction traces for preextraction (top) and postextraction (bottom) 
treatment for the power plant A flue gas desulfurization by-product sample. Note the change from 
bassanite-dominant peaks to gypsum-dominant peaks after hydration from the extraction method.
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Figure 4 Comparison of X-ray diffraction (XRD) traces for preextraction (top) and postextraction (bot-
tom) treatment for the power plant B flue gas desulfurization by-product sample. The trace for power 
plant B was significantly different from those of power plants A and C and produced more peak noise 
and mineral variability in the XRD trace. The lack of portlandite and bassanite detected in the postex-
traction sample is most likely the result of peak overlap and the inability of the software to detect dis-
tinct peaks for all minerals. Thus, quantitative comparisons are a bit more difficult.
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Figure 5 Comparison of X-ray diffraction (XRD) traces for preextraction (top) and postextraction (bot-
tom) treatment for the power plant C flue gas desulfurization by-product sample. Note the change 
from bassanite-dominant peaks to gypsum-dominant peaks. Calcite is possibly present in both the 
pre- and postextraction samples, but the software was unable to distinguish calcite peaks from the 
other material present in the postextraction XRD trace.
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Ayuso et al. 2008b). The postextraction 
trace of sample B did behave similarly 
to samples from plants A and C in that 
the bassanite phase peak intensities 
decreased significantly when compared 
with the preextraction intensities and 
the gypsum phase peaks became more 
intense than the other phases present.
Full quantitative analysis requires well-
separated peaks in the sample traces. 
Many small peaks are lost to back-
ground noise or, in the case of minerals 
having shared peaks, the profile is not 
clear enough to make a definitive iden-
tification of all the minerals present. 
Quantification of the minerals in the 
sample proved difficult, but the semi-
quantitative whole-pattern matching 
method did demonstrate some patterns 
that reinforced the qualitative analysis 
of the XRD traces.
As noted above, the postextraction XRD 
traces of all three samples had gypsum 
as the dominant mineral when com-
pared with the preextraction XRD traces 
of the samples, in which bassanite was 
the most common mineral seen. This 
trend demonstrated a change in the 
mineralogical composition when the 
samples were exposed to water during 
the extraction process. The fact that the 
samples initially contained bassanite 
may have been related to the dewatering 
process at the power plant. It is generally 
accepted that the dehydration tempera-
ture of gypsum to bassanite occurs at 
approximately 100 °C. The transition is 
a structural rearrangement of SO
4
2− ions 
coupled with water molecules that are 
lost during moisture-removal events 
(Sarma et al. 1998). After exposure to 
water during the extraction process, 
the samples became predominantly 
gypsum as water molecules were rein-
troduced into the sample, causing 
another structural rearrangement. Thus, 
the mineralogical additives would seem 
to be primarily gypsum in the natural 
environment.
The plant B FGD sample still demon-
strated some mineralogical variation 
compared with the other two FGD 
products. This may be the result of a 
difference in coal sources, but the most 
logical explanation for the presence of 
portlandite and hannebachite in the 
plant B sample was that forced-oxidiza-
tion dewatering of the FGD by-product 
did not occur in the same manner as 
in plants A and C because the FGD by-
product was in a sludge form rather than 
as a dried powder. The demonstrated 
variation in mineralogical content of the 
FGD by-product is significant in that the 
chemical fingerprint of each FGD by-
product may produce different chemical 
reactions when in a natural environ-
ment.
Trace Elements in  
FGD By-Products
The concentrations of trace elements 
in each FGD by-product sample, the 
manure sample, and each FGD waste–
manure mixture are summarized in 
Table 3. As mentioned, one less studied 
aspect is the possibility that trace metals 
concentrated in CCBs could add detri-
mental trace elements, such as As and 
Se, to the environment. The concentra-
tions of the potential groundwater trace 
metal contaminants As, Cd, Cr, Pb, and 
Se, which could reasonably be expected 
to endanger public health or welfare 
(Langmuir et al. 2004), were less than 
about 20 mg/kg. These results appeared 
to be less than, or comparable to, the 
concentrations of trace elements in FGD 
by-product solids (Table 4) compiled 
by Rai et al. (1987). The manure sample 
used in the study contained larger con-
centrations of B, Ba, Cu, Mo, Ni, tin (Sn), 
uranium (U), and Zn than did the FGD 
by-product samples. Therefore, mixing 
the FGD by-product with manure 
would essentially dilute the manure 
as a potential source of groundwater 
contaminants, but might also reduce 
the potential of adding some nutrients 
such as B, Cu, or Zn. However, because 
only one manure sample was included 
in the present study, additional manure 
samples are needed for more quantita-
tive comparisons. The relatively large 
concentrations of Cu and Zn (soil nutri-
ents) in the swine manure samples likely 
originated from dietary supplements 
(see Novak et al. 2008).
Laboratory Extractions—Possible 
Contaminants. Extract constituents 
were related to potential groundwater 
contamination and plant nutrients. The 
reaction pH values of the three FGD by-
product samples in the 1:20 solid:liquid 
suspensions were essentially neutral 
(pH 6.8 to 7.8) after 18 hours of extrac-
tion (Table 5), which was consistent with 
the mineralogical composition of the 
samples. The reaction pH values did not 
change significantly from the 18-hour 
values (6.66 to 7.85; Table 5) after 26 days 
of constant mixing (6.28 to 7.89; Table 
6). The manure sample also yielded a 
near-neutral pH reaction after 18 hours 
but yielded a slightly acidic 6.85 pH 
after 26 days (Table 6). When the FGD 
by-product samples were mixed with 
the manure sample, the resulting reac-
tion pH values varied from 6.66 to 7.43 
after 18 hours (Table 5) and from 6.3 to 
6.8 after 26 days (Table 6). No relation-
ship was found between the percentages 
of FGD by-product and manure used 
and the resulting pH. Dou et al. (2003) 
also mixed the FGD by-product with 
swine manure under laboratory condi-
tions and observed that the FGD by-
product sample used in that study had 
little impact on the pH of extracts of the 
manure.
Within a pH range of about 4 to 8, many 
potential groundwater contaminants 
discussed by Langmuir et al. (2004) are 
relatively insoluble. No relationship was 
observable between the FGD by-product 
and manure percentages and the extract 
concentrations for these potential 
groundwater contaminants. The con-
centrations of Al, Sb, As, Be, Cd, Co, Cr, 
Li, Mo, Ni, Pb, Tl, Ti, V, and Zn were at, or 
less than, the analytical detection limits, 
even after 26 days (Table 6). All three 
of the FGD by-product samples were 
sources of Se in the 18-hour extracts 
(Table 5). Almost 100% of the matrix Se 
was extracted after 18 hours. Selenium 
was detected in only the 26-day extract 
of the plant A FGD by-product at a con-
centration of 0.21 mg/L (Table 6). The 
disappearance of Se during the longer 
extraction interval might have been the 
result of sorption by the manure, which 
would be beneficial in preventing any 
environmental runoff but could cause 
loading in soils with repeated applica-
tion.
Laboratory Extractions—Possible 
Nutrients. The redox potential of the 
solution phase will influence the oxida-
tion state of some solutes, such as Fe. The 
manure extract was chemically reduced 
because of water-soluble organic matter, 
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Table 3 Trace element concentrations (all values in mg/kg) in flue gas desulfurization (FGD)–manure mixtures before application of ASTM 
Method D-3987 for 18-hour extraction periods in a 1:20 solid:liquid ratio1,2
Element
FGD A FGD B FGD C Manure
A1 A2 A3 A4 B1 B2 B3 B4 C1 C2 C3 C4 D
FGD (%)
100 75 50 25 100 75 50 25 100 75 50 25 0
Ag 0.002 0.007 0.023 0.016 0.017 0.020 0.052 0.018 <0.002 <0.002 0.016 0.008 0.017
As 3.2 1.0 3.9 0.5 2.3 <0.1 5.1 0.8 1.9 2.5 2.9 1.6 1.9
Au <0.5 <0.5 1.7 <0.5 <0.5 <0.5 2.9 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
B 3.0 8.0 22 24 31 31 32 36 4.0 18 20 31 42
Ba 5.6 9.9 23 24 9.8 16 19 26 13 24 21 31 24
Be 0.1 0.1 0.3 0.3 <0.1 0.1 0.3 0.4 <0.1 0.2 0.2 0.3 0.3
Bi <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Cd 0.04 0.07 0.27 0.28 0.37 0.41 0.44 0.52 0.06 0.15 0.24 0.34 0.38
Ce 1.5 1.5 2.1 1.6 1.9 2.0 1.3 1.4 2.3 2.3 2.1 1.8 1.1
Co 0.3 0.4 6.0 0.8 0.4 0.6 7.6 1.1 0.3 0.6 0.7 0.1 1.0
Cr 17 17 39 17 6.2 2.0 5.0 8.0 <1.0 4.0 5.0 7.0 7.0
Cs 0.04 0.05 0.06 0.06 0.03 0.05 0.05 0.07 0.02 0.03 0.04 0.05 0.07
Cu 3.5 27 153 124 4.5 52 148 158 1.3 55 77 134 158
Dy 0.2 0.2 0.3 0.1 0.3 0.3 0.3 0.2 0.7 0.6 0.6 0.4 0.1
Eu <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 <0.1
Er 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.4 0.3 0.3 0.3 0.1
Ga 0.4 0.4 0.9 0.3 0.2 0.3 0.7 0.5 0.2 0.2 0.2 0.4 0.5
Gd 0.2 0.2 0.2 0.1 0.3 0.3 0.2 0.2 0.7 0.6 0.6 0.3 <0.1
Ge 0.2 0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 0.1 0.1 0.1 0.2
Hf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ho <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 0.1 0.1 <0.1 <0.1
In <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
La 0.7 0.7 0.8 0.5 1.3 1.5 1.1 0.8 2.3 1.9 1.8 1.3 <0.5
Li 0.2 0.6 0.7 0.7 0.4 0.8 0.7 0.7 0.2 0.3 0.4 0.4 0.5
Lu <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Mo 0.8 1.1 5.2 3.8 0.9 1.8 4.7 3.9 0.2 1.5 1.9 3.3 3.6
Nb <0.1 0.2 0.5 0.2 0.2 0.2 0.3 0.2 <0.1 0.1 0.1 0.2 0.2
Nd 0.6 0.5 0.7 0.4 0.9 1.1 0.8 0.6 2.3 1.9 1.8 1.3 0.3
Ni 4.5 5.1 38 12 4.9 8.6 44 15 2.9 7.5 9.6 13 15
Pb 1.2 1.9 1.6 1.4 2.3 2.3 2.1 1.6 1.1 1.2 1.4 1.4 2.0
Pr 0.1 0.1 0.2 0.1 0.2 0.3 0.2 0.2 0.5 0.4 0.4 0.3 <0.1
Rb 0.5 1.0 2.6 4.0 0.5 1.2 2.2 6.6 0.3 1.3 1.8 3.8 8.7
Re <0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 <0.001 <0.001
Sb 0.1 0.1 0.3 0.1 0.1 0.1 0.4 0.2 0.1 0.1 0.2 0.2 0.3
Sc 0.2 0.3 0.6 0.6 0.2 0.4 0.5 0.7 0.3 0.4 0.5 0.6 0.3
Se 2.6 2.1 2.7 2.3 3.3 3.0 2.7 3.0 0.7 1.2 1.3 2.0 1.6
Sm 0.1 0.1 0.2 <0.1 0.2 0.2 0.2 0.1 0.6 0.5 0.4 0.3 <0.1
Sn 0.1 1.0 5.7 6.0 0.3 2.5 5.5 6.9 0.1 1.8 4.6 6.0 6.0
Sr 68 56 59 48 137 148 106 90 43 46 47 47 32
Ta <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Tb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1
Te 0.10 0.08 0.06 0.08 0.11 0.08 0.07 0.07 0.04 0.03 0.05 0.04 <0.02
Th 0.1 0.3 0.5 0.2 <0.1 0.2 0.3 0.2 <0.1 0.1 0.2 0.2 0.1
Tl 0.02 0.03 0.03 0.03 0.02 0.03 0.04 0.04 <0.02 0.03 0.03 0.04 0.04
Tm <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
U 0.2 0.8 2.8 3.0 0.2 1.4 2.6 3.5 <0.1 1.3 2.1 3.1 3.4
W 0.3 0.1 0.3 <0.1 <0.1 <0.1 0.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
V <1 4 6 5 1 2 5 8 <1 4 5 7 7
Y 1.6 1.6 2.4 1.4 3.6 3.4 2.7 2.5 6.6 5.4 5.0 3.9 1.4
Yb <0.1 0.1 0.3 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Zn 8 195 920 1,070 31 399 736 1,240 9 429 692 1,060 1,250
Zr 2 1 3 2 2 2 2 2 1 2 2 2 1
1ASTM Method D-3987, Standard Test Method for Shake Extraction of Solid Waste with Water (ASTM 1992). 
2Some elements, such as arsenic (As; highlighted), did not conform to the generalization, likely because of analytical and sampling variations.
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Table 4 Concentrations (mg/kg) of several potential 
groundwater contaminant trace elements in coal 
combustion by-product waste materials compared with 
those from Rai et al. (1987).
Element This study Rai et al.
As 1.9–3.2 0.8–52
B 3.0–31 42.0–530
Cd 0.04–0.37 0.1–25
Cr <1.0–6.2 1.6–180
Cu 1.3–4.5 6.0–340
Pb 1.1–2.3 0.2–290
Se 0.7–3.0 2.0–60
whereas the FGD by-product sample 
extracts were only slightly reduced. As 
the proportion of manure in the mix-
tures increased, the redox potential 
declined in a linear trend in both the 
18-hour and 26-day extractions (Figure 
6). Generally speaking, the results 
from this study demonstrated that the 
manure sample was the primary source 
of soil nutrients such as Cl− (Figure 7), 
PO
4
3−, and K (Figure 8), and the FGD by-
product samples were major sources of 
the soil nutrients Ca and SO
4
2− (Figures 
9 and 10).
Because Cl− is relatively nonreactive 
chemically, an increase in the amount 
of manure in each mixture yielded a 
uniform increase in the amount of Cl in 
solution (Figure 7). The Cl− was in a read-
ily soluble form; additional time beyond 
18 hours yielded no increase in the 
amount of Cl− in solution. In this con-
text, Cl− may act as a potential ground-
water contaminant.
Similarly, the concentration of K, an 
essential soil nutrient, displayed a linear 
dependence on the amount of manure 
present (Figure 8). The concentration of 
Na in each extract was likewise propor-
tional to the amount of manure in each 
extract and was readily soluble within 18 
hours of extraction (not shown).
The concentration of Ca in each extract 
depended on the amount of FGD mate-
rial in the mixture, but unlike Cl− and 
Na, the relationship was not linear 
(Figure 9), suggesting that the amount 
of Ca2+ was influenced by solid-phase 
equilibria. The concentration of the 
major anion in the extracts, SO
4
2−, also 
displayed a nonlinear pattern (Figure 
10). The addition of manure appeared to 
increase the solubility of SO
4
2−, followed 
by a reduction of SO
4
2− as the proportion 
of manure dominated the mixtures. A 
longer extraction interval resulted in 
larger concentrations of SO
4
2− in the FGD 
by-product–manure mixtures, but SO
4
2− 
concentrations followed a trend similar 
to the 18-hour extraction with regard to 
the FGD by-product–manure mixture 
ratio.
When the extract data were input into 
the computer program PHREEQCi, 
which is designed to perform a wide 
variety of aqueous geochemical cal-
culations, including speciation and 
saturation-index calculations, the FGD 
by-product solutions without manure 
appeared to be in equilibrium with 
gypsum (Figure 11) within the 18-hour 
extraction interval. Gypsum was 
detected by XRD in all three FGD sam-
ples, supporting the model prediction. 
As the proportion of manure increased, 
the extracts became increasingly 
undersaturated with respect to gypsum, 
whereas the solution concentrations of 
SO
4
2− and Ca increased. The same pat-
tern was observed during the 26-day 
extraction interval (Figure 11). The 
following reaction mechanisms were 
proposed to explain the experimen-
tal results. In the absence of manure, 
gypsum dissolved and the extracts 
equilibrated within the relatively short 
extraction interval:
CaSO
4
∙2H
2
O  Ca2+ + SO
4
2− + 2H
2
O.  (1)
When added, the manure contributed 
dissolved organic matter that removed 
Ca2+ from solution by ion exchange:
 Ca2+∙M-X  M-Ca + X. (2)
As reaction (2) proceeded, it drove reac-
tion (1) to the right, dissolving gypsum 
and increasing the amount of SO
4
2− in 
solution. The decrease in Ca and SO
4
2− 
was likely the result of additional ion 
exchange and source reduction of the 
gypsum in the mixtures in which the 
manure was dominant (25% and 0% FGD 
by-product). The solution concentra-
tion of Ca2+ was also influenced by the 
solubility of calcite (Figure 12). The FGD 
by-product sample appeared to be a sig-
nificant source of dissolved carbonate 
species, as indicated by the alkalinity 
of the extract solution. Moreover, trace 
amounts of calcite were detected in the 
FGD by-product samples.
The solution concentration of Mg also 
displayed a pattern that was depen-
dent on the ratio of manure to FGD by-
product in both the 18-hour and 26-day 
extractions (Figure 13). However, solu-
bility modeling with PHREEQCi did not 
support the idea that a Mg-containing 
solid phase was influencing the amount 
of Mg2+ in solution. It seemed likely that 
the dissolved organic matter was remov-
ing Mg2+ from solution as with Ca, but 
the specific mechanism to explain the 
results in Figure 13 remains unknown.
The manure sample was also a signifi-
cant source of PO
4
3−, another potential 
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Figure 6 Redox potential of the plant A flue gas desulfurization (FGD) by-product–manure mixtures. This 
will influence the oxidation state of some solutes such as iron (Fe), a soil nutrient.
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Figure 7 Concentration of chloride (Cl-) in the plant A flue gas desulfurization (FGD) by-product–manure 
mixtures. The Cl- was in a readily soluble form; thus, additional time beyond 18 hours yielded no increase 
in the amount of Cl- in solution. In this context, Cl- may act as a potential groundwater contaminant.
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Figure 8 Concentration of potassium (K), an important soil nutrient, in the plant B flue gas desulfurization 
(FGD) by-product–manure mixtures. Manure was the primary source of K in all sample mixtures.
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Figure 9 Concentration of calcium (Ca), an important soil nutrient, in the plant C flue gas desulfurization 
(FGD) by-product–manure mixtures. The FGD by-products were a major source of Ca in all sample mix-
tures.
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Figure 10 Concentration of sulfate (SO4
2–) in the plant B flue gas desulfurization (FGD) by-product–manure 
mixtures.
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Figure 11 Calcium–sulfate equilibrium of plant C flue gas desulfurization (FGD) by-product–manure 
solutions after 18-hour and 26-day extractions at 22 °C.
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Figure 12 Calcium–carbonate equilibrium of plant A flue gas desulfurization (FGD) by-product–manure 
solutions after 18-hour and 26-day extractions at 22 °C.
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plant nutrient. When mixed with FGD 
by-product, however, the amount of P in 
solution was reduced (Figure 14). After 
both 18 hours and 26 days of extrac-
tion, the concentrations of PO
4
3− in 
the manure and the FGD by-product–
manure mixtures decreased. Solubility 
modeling with PHREEQCi suggested 
that after 26 days, the extracts were 
supersaturated with respect to hydroxy-
apatite [Ca
5
(PO
4
)
3
OH] and vivianite 
[Fe
3
(PO
4
)
2
·8H
2
O]. Although P precipita-
tion is suspected, the specific PO
4
3−-
containing solid phase remains unre-
solved. Dou et al. (2003) also observed 
that the proportion of water-soluble 
PO
4
3− from swine manure decreased 
with an increase in the amount of FGD 
by-product added. They also speculated 
that the precipitation of an insoluble cal-
cium phosphate had occurred.
Boron is another soil nutrient of con-
cern. More soluble B was associated with 
the manure than with all three FGD by-
product samples (Figure 15). Soluble B is 
usually associated with coal combustion 
by-products such as fly ash. The amount 
of ash in the FGD by-product samples 
may have been insignificant. The B also 
appeared to be readily soluble because 
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Figure 13 Concentration of magnesium (Mg), an important soil nutrient, in the plant B flue gas desul-
furization (FGD) by-product–manure mixtures. A 50:50 mixture of FGD by-product to manure maximized 
Mg solute according to the results. However, PHREEQCi results did not support the hypothesis that a 
Mg-containing solid phase was influencing the amount of Mg2+ in solution.
no significant increase in solution B was 
seen after 26 days of extraction. Approx-
imately 100% of the matrix B in all three 
FGD samples and the manure sample 
was extracted in each experiment.
CONCLUSIONS AND 
RECOMMENDATIONS
This study suggests that the ratio of FGD 
by-product to manure can determine 
concentrations of key elements in terms 
of potential groundwater contaminants 
[Sb, As, Be, bismuth (Bi), Cd, Co, cesium 
(Cs), Pb, Li, Se, silver (Ag), U, and V] and 
soil nutrients (Ca, K, Mg, PO
4
3−, and B). 
These nutrients would have a direct 
impact on crop variables such as root 
growth, crop yield, crop health, and 
growth rates. The addition to the system 
of manure mixed with FGD by-product 
would undoubtedly affect crops because 
of the addition of nutrients (B, Ca, and 
others) and a new mineral suite to the 
soil, depending on the FGD by-product 
source. As demonstrated by the ability of 
the FGD by-product to decrease water-
soluble PO
4
3−, not all impacts would be 
positive. However, the soil itself would 
be a key variable in understanding the 
full extent of the impact. Thus, the direct 
impact of the FGD by-product as an 
additive cannot yet be accurately pre-
dicted because of a lack of laboratory- 
and field-scale experimentation with 
variable soil characteristics.
The concentrations of heavy metal 
groundwater contaminants were less 
than, or comparable to, the concentra-
tions of trace elements in FGD by-prod-
uct solids (Table 4). For each sample and 
mixture, the concentrations of several 
potential groundwater contaminants 
were less than 20 mg/kg: Sb, As, Be, Bi, 
Cd, Co, Cs, Pb, Li, Mo, Se, Ag, U, and V. 
Comparisons of short-term (18-hour) 
with long-term (26-day) extractions 
indicated that most of the solutes were 
readily soluble within the 18-hour 
extraction period, and little information 
regarding the potential extraction com-
position or waste and manure leaching 
was gained by conducting long-term 
extractions. The possibility of con-
tamination from continuous, long-term 
application remains unknown. Possible 
contamination from manure was also 
not originally expected and is a variable 
worth considering in future studies. 
The manure sample contained larger 
concentrations of several trace elements 
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Figure 14 Concentration of phosphate (PO4
3−) in the plant A flue gas desulfurization (FGD) by-product–
manure mixtures. When mixed with the FGD by-product, the amount of PO4
3− in solution was reduced.
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Figure 15 Concentration of boron (B), an important soil nutrient, in the plant A flue gas desulfurization 
(FGD) by-product–manure mixture extracts. Soluble B is usually associated with coal combustion by-
products, such as fly ash. The amount of ash in the FGD by-product samples may have been insignifi-
cant because manure appeared to be the primary source in the samples studied.
than did the FGD by-product samples. It 
is also recommended that future stud-
ies include similar bench-scale experi-
ments that incorporate soil samples with 
varying soil properties, such as cation 
exchange capacity, pH, and clay compo-
sition.
If we focus solely on the FGD by-prod-
uct, if any actual application were to be 
made to a field, it would be advisable 
to determine the specific composition 
of the FGD by-product because, in this 
study, we demonstrated that the FGD 
by-product material could vary, depend-
ing on the source and method of produc-
tion. Different types of limestone used 
in the scrubber or types of coal from 
different seams could influence the min-
eral and chemical composition of the 
resulting FGD by-product. This, in turn, 
would affect the physical and chemical 
variables in each environment to which 
the FGD by-product was applied. Know-
ing the long-term solubility of the min-
erals in each FGD by-product sample 
is important in order to anticipate the 
efficacy and environmental fate of FGD 
by-products when applied to actual 
soils. Such information would also have 
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a direct impact on application rates in 
terms of frequency and the FGD by-
product–manure mix ratios.
Any application at all would be depen-
dent on preexisting soil weathering 
conditions. It is important to understand 
the nutrient balance of the system in 
question because several nutrients may 
compete for plant uptake. Therefore, it is 
necessary to have proper mixture ratios 
that are predetermined for a specific 
environment. Another possible avenue 
of study could include a multiyear 
project with various mixtures of FGD 
by-product and manure tested in green-
house-scale experiments to obtain some 
information about long-term reactions 
with actual soil, as well as to provide 
information on crop yield. This would 
produce crucial data toward determin-
ing mixture ratios based on soil type. Yet 
another level of research would be the 
direct application of FGD by-product–
manure mixtures to a crop-yielding 
field(s) over a period of years, with con-
stant monitoring to determine chemi-
cal and physical changes to the soil 
additive system and the impacts on any 
crops in a natural environment. Short- 
and long-term effects on groundwater 
would be another point of interest in 
any subsequent work. A limitation of the 
present study is that only one manure 
sample was investigated. The variability 
in chemical composition of the manure 
requires additional study because it may 
prove to be a source of contamination 
as well as a nutrient source. Moreover, 
the use of other types of manure (cattle, 
turkey, etc.) could yield varied results.
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ABSTRACT
Portable instruments that can be used 
for mineral analysis, both in the field 
and in collection facilities, have broad 
applications in many fields, especially 
geology and archaeology. The PIMA-SP 
(portable infrared mineral analyzer), 
originally used for gold mining in 
Australia, has been used by geologists 
and archaeologists at the University of 
Illinois at Urbana-Champaign for more 
than 15 years to source rocks used to 
make prehistoric pipes and figurines 
from the Midwest. PIMA spectroscopy 
has also been used at the Illinois State 
Geological Survey to study carbonates, 
industrial clays, granite aggregates, and 
pore-filling minerals in oil reservoirs 
and aquifers. Our research shows that 
the combination of PIMA spectroscopy 
and traditional laboratory-based tech-
niques, such as X-ray diffraction, is par-
ticularly effective for analyzing materi-
als composed primarily of clay minerals 
and objects that cannot be destructively 
sampled.
INTRODUCTION
One mission of the Illinois State Geolog-
ical Survey (ISGS) is to develop or evalu-
ate new testing instruments for internal 
programs and for technology transfer 
to private and public institutions. 
For many years, industrial research 
involved the use of infrared methods, 
and the development of methods, tools, 
and instruments continues to this day 
(White 1964; Oinuma and Hayashi 
1968; Nyquist and Kagel 1971; Russell 
1974). The PIMA-SP (portable infrared 
mineral analyzer) is an example of such 
an instrument. The PIMA instrument 
was designed in Australia by Integrated 
Spectronics, Pty Ltd, for precious metal 
exploration, but several of its features 
(low cost, portability, rapid and nonde-
structive data acquisition) suggested 
other applications of interest to geoar-
chaeologists and geologists at the Uni-
versity of Illinois at Urbana-Champaign. 
In 1997, Randall E. Hughes observed a 
strong correlation between PIMA and 
X-ray diffraction (XRD) analyses of min-
eral zonation at a gold mine.
A common problem for archaeologists 
(and, to a lesser degree, for geologists) is 
limited access to samples stored in col-
lection facilities that may have prohibi-
tive policies for study of the materials, 
especially for destructive analyses. An 
instrument such as the PIMA, which can 
be brought to the collection facility for 
rapid, nondestructive analyses, literally 
opens doors. Furthermore, when PIMA 
spectroscopy is combined with XRD of 
selected samples, useful mineral char-
acterizations can be made with minimal 
damage to research collections and 
valuable museum artifacts.
METHODS
The PIMA instrument is a portable 
apparatus that collects absorption spec-
tra in the reflectance mode. It uses the 
short-wavelength infrared part of the 
electromagnetic spectrum [from 1,300 to 
2,500 nanometers (nm)] and measures 
the reflected radiation from the surface 
of a sample. Minerals are identified by 
wavelength position and relative depth 
of the absorption features (rounded or 
V-shaped valleys). PIMA analysis is best 
implemented in the study of minerals 
that contain hydroxyls (OH groups), 
such as phyllosilicates and hydroxylated 
silicates. It is also effective when study-
ing sulfate and carbonate minerals (Rus-
sell and Fraser 1992).
PIMA Setup 
Figure 1 shows a typical setup for PIMA 
analyses. Standing the PIMA instrument 
in an upright position makes it possible 
to place small samples directly on  
the 1-cm window. The picture also 
shows a table built with a hole to allow 
the analysis of large samples while 
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Figure 1 A typical setup showing the power supply at the far left, a support table 
with a limestone sample on the analysis window of the PIMA instrument, and a 
laptop with a calcite spectrum from the limestone sample (Hughes et al. 2002).
simultaneously protecting the instru-
ment window from the weight of such 
samples. Pieces of foam on the support 
table allow odd-shaped artifacts and 
samples to be positioned on the analy-
sis window. For powders, small (petri) 
dishes made of special high-quality 
glass come packaged with the PIMA 
instrument. Thin sections can be placed 
directly on the window. Glass slides can 
be used to mount small grains. However, 
for any samples or thin sections that 
are clear or translucent, a mirror must 
be placed on top of the slide to “reflect” 
the spectrum back into the PIMA detec-
tor. The XRD powder mounts and X-ray 
fluorescence pellets are often inverted in 
the small PIMA dishes to collect PIMA 
spectra from the same spot as the XRD 
and X-ray fluorescence analyses. Finally, 
it is important to note that the PIMA 
instrument is an optical analyzer. Very 
dark samples often result in almost no 
spectra. For example, a chlorite pipe-
stone from Wood County, Wisconsin, is 
virtually black and gives no PIMA spec-
trum from most artifacts and hand spec-
imens. However, an XRD powder mount 
of this pipestone offers robust PIMA 
and XRD spectra for chlorite. Grinding 
or scraping powder from a dark sample 
may provide better PIMA spectra.
Using the PIMA Acquisition  
Program
One of the advantages of the PIMA 
instrument is the ability to rapidly 
acquire spectra (usually in 30 to 60 s). 
This greatly reduces the cost of analyz-
ing large numbers of samples, allows 
many more analyses to be completed 
during field and museum trips, and 
reduces turnaround times for reports.
On a laptop (Figure 1), two toolbar set-
tings provide flexibility in quality and 
analysis time. Once the analysis starts, 
a red progress bar moves up the left side 
of the screen to show elapsed time. After 
the red bar is halfway up the screen, 
the program begins a Fourier correc-
tion of the data, and the sample can 
be exchanged for the next analysis. If 
samples are run with very little delay 
between sample analyses, the instru-
ment usually requires only one standard 
calibration for periods of 1 to 4 hours.
The MinIDB reference library, which 
is part of the acquisition program, has 
mineral spectra that are atypical of the 
characteristic samples seen in the Mid-
west. As discussed below, an appropri-
ate library of standards specific to an 
individual problem can be designated as 
the MinIDB and then substituted for the 
library in the acquisition program. The 
library identifies up to three minerals for 
each spectrum and provides an estimate 
of the quality of the match.
Using PIMAView to  
Analyze Spectra
The most useful display options in 
the PIMAView software functions are 
normal, mean- and standard deviation-
corrected normal, and hull quotient 
(subtracts background). One can 
also overlay two to eight spectra in a 
single window. This function provides 
easy identification of key minerals in 
archaeological samples, contaminants 
in industrial minerals, breaks in strati-
graphic sequences, and clay minerals 
and carbonates in aquifers and petro-
leum reservoirs.
In case study 1 (discussed below), Fig-
ures 2 and 3 show normal spectra of 
two archaeological specimens (pipes 
from Tremper Mound, Ohio) compared 
with calculated standard spectra for 
northwestern Illinois and Ohio flint 
clays. The patterns are put in an overlay 
display to demonstrate a qualitative 
comparison. Normal spectra give a 
reflectance y-axis value on the left side 
of the window that varies from zero for 
black and dark or opaque objects to 100 
for white specimens. The reflectance 
value is often useful when examining 
burned artifacts. Figure 4 of case study 1 
shows an overlay of mean- and standard 
deviation-corrected normal spectra 
of the three most common artifacts at 
Tremper Mound. This type of correction 
adjusts spectra with different reflec-
tance levels to a zero point. When put 
in overlay display, the multiple spectra 
are easily superimposed on the same 
horizontal axis. Without this correction, 
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Figure 2 This figure illustrates the use of the mineral identification program PIMAView. The spectrum in black (barely visible 
below the yellow overlay spectrum) at the top right is from a Tremper Mound pipe near the Ohio River in southwestern Ohio, 
and the overlaid yellow spectrum is a calculated match from our custom pipestone reference library. This match combines (1) 
76% of a northwestern Illinois reference standard berthierine that also contains abundant boehmite and (2) 24% of a north-
western Wisconsin pure kaolinite pipestone. This is a typical composition for this pipestone, and it was the principal source for 
Hopewell pipes throughout the Midcontinent. The pie chart at the lower left illustrates the amount of each standard that was 
used to calculate the yellow spectrum, and the table at the upper left gives the percentages of each standard and an error 
figure.
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Figure 3 This figure shows a normal spectrum match between a Tremper pipe (black, barely visible 
below the yellow overlay spectrum; see arrow) and an Ohio pure kaolinite flint clay standard (yellow). 
Flint clays are made up of approximately 0.1-µm crystallites, which cause broad features when com-
pared with kaolinite samples with a larger grain size.
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Figure 4 Overlay of mean- and standard deviation-corrected spectra of the three predominant pipe-
stone types at Tremper Mound: northwestern Illinois (black), Minnesota catlinite (red), and Ohio flint 
clay (green).
it is difficult to make qualitative assess-
ments because the samples often differ 
in reflectance value (y-axis) yet contain 
similar mineral compositions that are 
determined by analyzing the peaks and 
valleys of the spectra (x-axis).
Note that iron (Fe)-containing minerals 
suppress the background between 1,300 
and approximately 1,900 nm (Figure 
4, black curve). Features in the 1,400-
nm and 2,150- to 2,350-nm regions 
occur because aluminum (Al), Fe, or 
magnesium (Mg) metals are bonded to 
hydroxyls, carbonate anions, or phos-
phate anions in the minerals. Features 
from 2,150 to 2,220 nm identify the most 
abundant mineral as having primarily 
Al-hydroxyl bonds. The strongest peak 
from 2,230 to near 2,300 nm indicates 
Fe-hydroxyl bonds, and Mg-hydroxyl 
bonds occur between 2,310 and 2,350 
nm. Dolomite has its strongest peak 
at about 2,320 nm, and calcite has the 
main peak at 2,338 nm. The percentages 
of mixtures of calcite and dolomite can 
be calculated by the nanometer position 
of the single feature located between 
the two end members. Broad, U-shaped 
features at about 1,900 to 2,000 nm result 
from the presence of pore water. Clay 
minerals have water bound to their sur-
faces, and they tend to have V-shaped 
water features in the same area.
The Australian databases, or libraries, 
of PIMA spectra that came with the 
instrument have proved insufficient 
for analysis of Midwestern materials. 
A more desirable database would con-
tain samples that have been produced 
under similar conditions to enable 
better grounds for comparison. There-
fore, the PIMAView program for build-
ing custom libraries of spectra has had 
increased use through the inclusion of 
samples collected from the Midwest 
region, which has added to the scope of 
the unique database. An essential step 
in sourcing materials is establishing a 
reliable reference database for compari-
sons. Thus, refined identifications and 
mineral percentages can be used that 
are based on the actual range and type 
of minerals in the ancient and modern 
quarries and in the stratigraphic 
sequences studied.
RESULTS
Archaeological Studies
The pipestones found in eastern North 
America are uniquely well suited to 
PIMA analysis because they are com-
posed primarily of clay minerals, micas, 
and carbonates. Carved and polished 
pipestone pipes and figurines represent 
a large part of the preserved materials 
Native Americans created 200 to 5,000 
years before present (yr BP; Figure 5). A 
small number of destructive analyses 
by XRD and dissolution chemistry (e.g., 
inductively coupled plasma spectros-
copy; Hughes et al. 1998) indicated that 
major source quarries in Ohio, Illinois, 
Minnesota, Wisconsin, and Missouri 
can be distinguished by their major 
mineral suites (Figures 6 and 7). Non-
destructive methods were needed to 
extend the laboratory determinations  
to the large number of pipestone arti-
facts owned by museums and collectors 
that cannot be destructively sampled 
(Figure 6).
Below, two case studies illustrate the 
utilization of PIMA analysis. Other 
examples of archaeological applica-
tions (including characterization of 
other pipestone sources in Wisconsin 
and Kansas) can be found by exploring 
the Illinois State Archaeological Survey 
webpage. The PIMA instrument is ideal 
for analysis of such projects because it is 
nondestructive, portable, and fast. The 
best data are obtained with no sample 
preparation other than drying in air. 
The results from case study 1 com-
pletely reversed the assumed pipestone 
exchange routes of the ca. 2,000 yr BP 
(before present) Hopewell and ca. 800 yr 
BP Mississippian cultures.
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Figure 5 A small number of platform and tube pipes from the collections 
at the Milwaukee Public Museum. The tube pipes were made earlier than 
the Hopewell platform pipes. The green pipes at the left and bottom are 
made from northwestern Illinois flint clay.
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Figure 6 PIMA spectra of typical 
Midwestern pipestones.
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Figure 7 Map of Midwestern pipestone sources, and two archaeological 
sites in Ohio (Tremper Mound and Mound City).
Case Study 1: Hopewell Pipes
Smoking pipes made by the Hopewell 
culture (ca. 150 BC to 50 AD) found 
throughout the North American Mid-
continent were, for many years, assumed 
to have been made from a kaolinite-rich 
flint clay in Scioto County in southwest-
ern Ohio (Figure 7). Instead, analyses 
by XRD and selected chemical tech-
niques showed that almost all Hopewell 
artifacts outside Ohio were made from 
northwestern Illinois pipestone. PIMA 
spectroscopy surprisingly proved most 
of the pipes found at the Hopewell site 
of Tremper Mound also were made from 
northwestern Illinois flint clay or, in 
lesser numbers, from Minnesota catlin-
ite (Figures 3–5). Conversely, analysis 
revealed that almost all the pipes found 
at Mound City National Monument, 
only tens of miles away, were made from 
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local limestone and calcite-cemented 
claystone and were not from Feurt Hill. 
Instead, they were from a second loca-
tion near Portsmouth, in southern Ohio 
(Hughes et al. 1998; Emerson et al. 2005).
Case Study 2: Mississippian Figurines
For many years, scholars assumed that 
the “red goddess” figurines found at or 
near the major site of Cahokia in East 
St. Louis, Illinois, were made from red 
pipestone from Minnesota or Arkansas. 
Analyses (Emerson and Hughes 2000; 
Wisseman et al. 2002) of these figu-
rines showed that they were produced, 
almost without exception, from a flint 
clay source in nearby Missouri that was 
used only for a single 100-year period 
in the 12th century AD. This flint clay, 
characterized by XRD, PIMA, and other 
techniques, proved to be a unique min-
eral suite of mixed-layered cookeite-like 
chlorite, boehmite, and heavy-metal 
phosphates.
Geological Studies
The analytical speed and ease of inter-
pretation of PIMA data aided in the 
characterization of a large ISGS collec-
tion of clay minerals. The PIMA instru-
ment also was used in preliminary proj-
ects on the impact of carbonate aggre-
gates, Quaternary mapping, and clay 
and carbonate minerals on oil, gas, and 
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Figure 8 Overlay of normal PIMA spectra of pure calcite in an Illinois limestone (black) and a calcite 
standard (red).
water well production. The PIMAView 
overlay program also proved to be excel-
lent for estimating homogeneity within 
single strata and finding stratigraphic 
breaks.
Case Study 3: Carbonates
Impurities in carbonate rocks, such as 
porous chert and clay minerals, make 
the material unsuitable for road con-
struction aggregates and may restrict 
their use for other purposes (Lay 2003; 
Figure 8). An early joint project with the 
Illinois Association of Aggregate Pro-
ducers involved use of the PIMA instru-
ment to improve the detection of con-
taminants in aggregates and to improve 
the accuracy and reduce the cost of 
these analyses. With the exception of 
deleterious chert, the PIMA instrument 
allowed for the quick identification of 
contaminants in aggregate quarry fines, 
agricultural limestones and dolomites, 
and raw materials for lime production. 
Subtle differences may appear in PIMA 
spectra between hard and soft lime-
stones and dolomites, but this problem 
has not been investigated further.
Porous or deleterious cherts are a seri-
ous problem in determining ideal 
materials for road construction because 
freeze–thaw conditions cause expan-
sion and cracking. In addition, porous 
cherts have only pore water peaks in 
their PIMA spectra (Figure 9), so detect-
ing the small amounts that cause road 
damage is extremely difficult. For this 
reason, a point count method was 
tested. Large bulk samples were crushed 
to rather fine sizes and placed in large 
petri dishes. The dish was then moved 
in 1-cm steps along a line. After this, the 
samples were moved 1 cm down or over, 
and the process was repeated along the 
new line. This 1-cm-step process was 
repetitious and time consuming but 
was warranted to identify chert vari-
ants within an individual quarry. This 
method demonstrated that, in some 
cases, it may be useful to carefully log 
cores and run PIMA spectra wherever 
chert is detected.
Case Study 4: Granite Aggregates
Granite and similar igneous and meta-
morphic aggregates often make the  
best road materials. However, con-
taminants such as micas, hornblende, 
and asbestos minerals can reduce their 
grade or completely restrict their use. 
The most abundant minerals in granites 
and similar rocks are transparent to 
translucent feldspars and quartz. The 
PIMA instrument “sees” through the 
nonopaque minerals and detects the 
contaminants. Trace levels of micas 
and other minerals are identified erro-
neously as feldspar spectra for all the 
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Figure 9 Overlay of mean- and standard deviation-corrected normal spectra for chalcedony (black) 
and water (red).
feldspars in the PIMAView LOS library 
(Figure 10). Figure 11 shows that two 
forms of asbestos also have good spec-
tra, which suggests that asbestos could 
be similarly detected at low levels.
Case Study 5: Industrial Clays
The clay industry is large and varied. 
Testing for exploration and quality 
assurance/quality control is expensive 
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Figure 10 Overlay of mean- and standard deviation-corrected normal spectra for albite (black) and 
andesine (red) feldspars. Feldspars lack structural PIMA spectral features, which can illustrate the 
detection of contaminants (such as micas) at very low levels.
and often delays production. The PIMA 
instrument works well on clay minerals, 
with potential applications in virtu-
ally all sectors. These applications vary 
from maintaining uniform products to 
monitoring thermal and chemical treat-
ments. Figure 12 shows PIMA spectra of 
two clay strata samples typically used 
to make bricks in Illinois and nearby 
states. Figure 12 contains a shale with 
illite, mixed-layered illite/smectite, 
minor chlorite, and silt- and sand-sized 
quartz and feldspar. The shale and 
fireclay are from Pennsylvanian-age 
coal measures strata. The fireclay in 
Figure 12 contains abundant kaolinite, 
mixed-layered kaolinite/smectite, and 
quartz silt and sand. The mixed-layered 
clay minerals in these samples produce 
good plasticity with minimal water. This 
makes them easy to extrude, dry, and 
fire. Blends of shale and fireclay yield 
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adjustable colors and strengths. Pure 
fireclay bricks are used as flue liners and 
for fireproofing stairway exits in high-
rise buildings (Hughes et al. 1993).
Figure 13 shows an overlay of the fireclay 
from Figure 12 (black), a fine-grained 
kaolin from Georgia (red), a coarse-
grained kaolin from Georgia (green), 
and the flint clay used for archaeological 
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Figure 11 Overlay of mean- and standard deviation-corrected normal spectra of two varieties of 
asbestos. The black spectrum is of chrysotile asbestos, and the red spectrum is of crocidolite asbestos. 
These minerals are likely detectable at low levels with the PIMA instrument.
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Figure 12 This overlay of mean- and standard deviation-corrected normal spectra shows two typical 
brick clays from Illinois. The black trace is of red-burning shale, and the red trace is a gray-burning 
fireclay.
artifacts in Ohio (blue; Figure 4). The 
multitude of uses for kaolins and ball 
clays requires ranges of composition and 
plasticity or viscosity. For example, some 
impure ball clays that contain illite and 
moderately plastic kaolinite are superior 
in terms of firing shrinkage because 
the illite expands at high temperatures. 
Illite in kaolinite-rich ceramic bodies 
also melts to cement the more refractory 
kaolinite into a steel-hard body (Burst 
and Hughes 1994).
PIMA spectra of bentonites and similar 
expandable clay materials show both the 
main metal in the structure (Al, Fe, Mg) 
and the relative expandability, or the 
amount of water held in the interlayers 
(Figure 14). The spectra also show differ-
ent shapes for the water features, which 
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Figure 13 This overlay of mean- and standard deviation-corrected normal spectra shows the fire-
clay from Figure 6 (black), a fine-particle Georgia kaolin (red), Integrated Spectronics, Pty Ltd (ISPL) 
library kaolin 1 (green), and an Ohio flint clay (blue). For kaolins that disperse in water, the size of the 
V-shaped feature for water absorbed in and adsorbed on clay mineral layers decreases relative to 
the structural hydroxyl features near 1,400 and 2,150 to 2,210 nm. These structural features also are 
sharper and relatively stronger as the crystallite size and crystallinity increase. The flint clay sample is 
well crystallized, but the approximately 0.1-µm crystallites broaden the structural features. The water 
feature around 1,900 nm for the flint clay is more typical of pore water in carbonates and other miner-
als.
are likely a result of the way the water 
is bound to the interlayer. These three 
variables are fundamental to the many 
uses of these clays, and PIMA spectra of 
hand samples and cores should make it 
very easy to identify and grade the qual-
ity of resources.
Case Study 6: Pore-Filling Minerals 
in Oil Reservoirs and Aquifers
Clay minerals and carbonates cause 
several problems in extracting fluids 
from petroleum reservoirs and in stor-
ing and removing gases from similar 
strata. Strongly colored minerals, such 
as Fe-rich illite, are rather easy to see 
in a core, but lighter colored minerals 
and the minerals in oil-saturated zones 
usually are impossible to detect. Electric 
and other geophysical logs can point to 
high- and low-permeability zones, but 
most logs do not identify the exact cause 
of variation in permeability. Logs may 
also miss thin shale bands that com-
partmentalize the reservoir. By isolating 
a section of a sample core and focusing 
a PIMA instrument study on such a sec-
tion, it is possible to identify the reasons 
for the variations in permeability. The 
identification of pore-filling minerals 
is critical when formulating extraction 
methods from reservoirs.
Figure 15 shows an example of spectra 
from two zones in oil reservoirs in Illi-
nois. One (black spectrum) contains 
illite as the dominant pore-filling clay 
mineral. This type of illite is usually very 
fine grained and impedes oil flow. The 
black spectrum has anomalous features 
called “P” features, so named because 
they have been encountered in polished 
artifacts and hand specimens (Figure 
16). The red spectrum contains Fe-rich 
chlorite in the pores. Examples of prob-
lems from these clay minerals are that 
(1) pore-filling illite may be dispersed 
if fresh water is used for water-flooding 
reservoirs in typical cases where the res-
ervoir brine keeps the illite coagulated, 
and (2) chlorite in reservoirs requires 
the use of special buffered acids or other 
agents to enhance oil production. Well 
bores can rapidly become clogged with 
Fe sludge from Fe dissolved by acid. 
These results obtained with the PIMA 
instrument suggest that the quality of 
the spectrum could be correlated with 
the amounts of pore-filling minerals.
The PIMA instrument detects drilling 
mud on cores and cuttings at very low 
levels (Figure 14, black spectrum). This 
detection capability could be used to 
select the best samples and avoid costly 
sample errors that often occur during 
expensive physical and chemical tests 
of drilling mud-contaminated reservoir 
strata. Similarly, Quaternary core sam-
ples are often contaminated by drilling 
mud. Selecting samples without this 
contaminant would eliminate possible 
sample contamination problems for a 
wide range of geological and environ-
mental studies by reducing sample error 
related to contamination and cutting 
time and costs related to resampling.
Storing and removing gases from strata 
present similar problems. Declines in 
the water pumping rate are often due to 
carbonate minerals precipitating in rock 
pore spaces near the well. Unfortunately, 
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Figure 14 A hull quotient overlay of three bentonite-type clays: montmorillonite (black), nontronite 
(red), and hectorite (green). The structural feature for montmorillonite at about 2,210 nm shows that 
Al is the primary structural cation in this mineral. Features at 2,284 nm in the red trace and 2,307 nm 
in the green trace show, respectively, the dominant Fe cation in nontronite and Mg in hectorite. The 
presence of water in the interlayers of these clay minerals is shown by the feature shoulders at about 
1,465 nm and the large V- to irregularly shaped feature at about 1,900 nm.
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Figure 15 An overlay of mean- and standard deviation-corrected normal spectra of two sandstone 
samples from petroleum reservoirs in Illinois. This core zone contains oil, and for unknown reasons, oil 
gives the same features that occur in samples with polished surfaces (“P” features). The high Fe con-
tent of the chlorite (red spectra) can be seen in the suppressed spectrum between 1,300 and 1,900 
nm.
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the PIMA instrument demonstrated that 
newly formed carbonates generally have 
few or no PIMA spectra. However, the 
instrument may provide feasible analy-
ses for problems associated with air and 
natural gas storage underground:
 1. Air stored underground for a coal- 
  fired turbine operation lost  
  oxygen, most likely because the  
  oxygen reacted in air with the  
  reduced Fe in illite, illite/smectite,  
  and chlorite.
 2. A natural gas field storage company 
   encountered the opposite problem. 
  Clay minerals in the storage reser- 
  voir apparently reacted with the  
  gas and caused a sludge problem in  
  the extraction plant.
Both of these problems could have been 
evaluated before a decision was made 
to begin the projects. Both could have 
been remediated by pretreating to com-
plete oxidation, or reduction, and then 
extracting any removable constituents 
before the facilities went into operation. 
Logging cores with the PIMA instru-
ment could have been (or would be) a 
very low cost first step in these projects.
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Figure 16 Hull quotient (subtracted background) spectrum of another artifact made from berthierine-
rich Sterling pipestone, which includes “P” features. The nanometer positions and proportions are usu-
ally exactly these values: 1,728, 1,765, 2,312, and 2,353 nm.
CONCLUSIONS
The speed, low cost, portability, and ease 
of operation and data interpretation 
make infrared instruments such as the 
PIMA an ideal investment for mineral 
industries, geotechnical consulting 
companies, university departments, 
and geological surveys. The nondestruc-
tive capability of the PIMA instrument 
increases access to priceless artifacts 
and streamlines the data collection 
process for both archaeologists and 
geologists. Experience at the University 
of Illinois at Urbana-Champaign shows 
that one or two of these instruments can 
be shared among several scientists in 
different departments to collect large 
amounts of mineralogical data quickly 
and cost-effectively. The PIMA instru-
ment has a wide number of applications 
in geology, archaeology, and other phys-
ical sciences. Finally, PIMA is versatile. 
It provides a technique for illustrating 
the long history of industrial mineral 
use by Native Americans and early 
American settlers. At the same time, it 
is proving to be a valuable method for 
companies, surveys, and universities 
to acquire public outreach information 
relevant to modern industrial mineral-
related scenarios.
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Overview of High-Calcium 
Limestone Resources in Illinois 
for Flue-Gas Desulfurization Systems
Zakaria Lasemi* and Shane K. Butler
Illinois State Geological Survey, Prairie Research Institute, University of Illinois at Urbana-Champaign
ABSTRACT
Stringent pollution control require-
ments imposed by regulatory agencies 
have accelerated the installation of 
limestone-based flue-gas desulfuriza-
tion (FGD) systems in coal-fired power 
plants. This trend toward increasing 
numbers of FGD units is expected to 
continue into the future as long as 
coal remains a viable source of fuel for 
generating electricity. Because of the 
importance of high-calcium limestone 
as a scrubbing agent in FGD systems, it 
is essential that issues associated with 
the transport, availability, and suitabil-
ity of high-calcium limestone resources 
be addressed. Nearby sources of suitable 
limestone raw material must be found to 
feed existing and new scrubber installa-
tions and to aid in the selection of proper 
resources for desulfurization systems in 
the future. Illinois has abundant lime-
stone and dolomite resources; however, 
high-calcium limestone is not readily 
available throughout the state. The suit-
ability of high-calcium limestone for 
FGD applications also varies, and the 
most suitable limestone resources are 
not widely available. The Illinois State 
Geological Survey conducted a state-
wide study through a grant from the 
Illinois Clean Coal Institute to inventory 
and characterize high-calcium lime-
stone resources. This paper provides a 
brief overview of the distribution and 
properties of existing and potential 
high-calcium limestone resources in 
Illinois. A more detailed report on the 
location and characteristics of these 
high-calcium limestone resources will 
appear in a subsequent publication.
INTRODUCTION
The demand for high-calcium lime-
stone has increased in recent years. This 
upsurge occurred in response to envi-
ronmental regulations set by state and 
federal governments that have made it 
necessary for coal-fired power plants 
to be equipped with limestone-based 
scrubber systems to reduce emissions 
of sulfur dioxide (SO
2
) and other pollut-
ants. Stringent SO
2
 control requirements 
have accelerated plans for installation 
of limestone-based flue-gas desulfur-
ization (FGD) systems. With partial 
funding from the Illinois Department of 
Commerce and Economic Opportunity 
through the Office of Coal Development 
and the Illinois Clean Coal Institute 
(ICCI), the Illinois State Geological 
Survey conducted several statewide 
studies characterizing limestone and 
dolomite resources mined from Illinois 
quarries to identify the best sorbent 
for desulfurization (Lasemi et al. 2004, 
2005, 2008). The samples for these stud-
ies were primarily collected from quarry 
stockpiles. Because of the large scope of 
the projects, bed-by-bed examination 
and delineation of zones containing the 
highest quality limestone [95% or better 
calcium carbonate (CaCO
3
)] were not 
within the project time frames or bud-
gets. Nevertheless, the results of these 
studies were well received by the utili-
ties industry and other industries using 
limestone for desulfurization.
Limestone-based desulfurization tech-
nologies in coal-fired power plants are 
a proven means of meeting the clean 
air standards. Illinois has abundant 
limestone and dolomite resources (e.g., 
Krey and Lamar 1925; Goodwin and 
Harvey 1980; Goodwin and Baxter 1981; 
Goodwin 1983; Mikulic 1990; Lasemi et 
al. 1999, 2004; Lasemi and Norby 2001). 
Most limestone quarries in Illinois pro-
duce construction-quality aggregates 
primarily for asphalt and concrete pave-
ments. For such uses, hardness, ease of 
abrasion, and high absorption are gener-
ally more of a concern than high purity 
with respect to the CaCO
3
 needed for 
desulfurization. Limestone purity needs 
to be even higher for manufactured 
products such as lime (CaO) or when 
used for other chemical and pharma-
ceutical applications, such as raw mate-
rial for heartburn medicine and dietary 
supplement pills.
For this study, maps, primarily those 
from previous studies showing locations 
of potential high-calcium limestones, 
were digitized and updated when pos-
sible (Lasemi et al. 2011 and manuscript 
in preparation). A number of 7.5-minute 
bedrock geologic maps of southern and 
southwestern Illinois that show the 
surficial distribution of bedrock are also 
available from the Illinois State Geologi-
cal Survey. These maps are a valuable 
source of information for delineating the 
distribution of bedrock units containing 
high-calcium limestone resources (e.g., 
Nelson and Devera 1995; Nelson et al. 
1995a,b, 1999; Denny 2004; Denny and 
Devera 2008; Denny et al. 2009; Devera 
2010; Denny and Seid 2014). Other pub-
lications dealing directly or indirectly 
with high-calcium limestone resources 
in Illinois include Stith et al. (1997), 
Cloos and Baxter (1981), Goodwin and 
Baxter (1981), Lamar (1957, 1959), Lamar 
and Harvey (1966), and Lamar and Will-
man (1931).
We also examined a number of quar-
ries that had the highest potential for 
containing high-calcium limestone 
resources. We visited the key quarries 
and made detailed descriptions of the 
potential high-purity limestone zones. 
In most cases, detailed descriptions 
were made from available cores drilled 
at or near the quarry properties. Quarry 
and core samples were characterized 
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chemically [X-ray fluorescence (XRF)], 
mineralogically [X-ray diffraction 
(XRD)], and petrographically (polarized 
light microscopy) to better constrain 
the high-purity limestone zones within 
those quarries (Lasemi et al. 2011 and 
manuscript in preparation).
This paper provides a brief overview of 
the research project conducted as part of 
the grant from the Illinois Office of Coal 
Development through ICCI regarding 
the distribution of high-calcium lime-
stone resources in Illinois (Lasemi et al. 
2011). A more comprehensive treatment 
of the results from this project, along 
with maps of potential high-calcium 
resources, will be the subject of a subse-
quent publication.
RESULTS AND DISCUSSION
About one third of the nation’s coal-
burning power plants that use desulfur-
ization units to remove SO
2
 emissions 
are located in the six-state region of 
Illinois, Indiana, Kentucky, Ohio, Penn-
sylvania, and West Virginia (Foose and 
Barsotti 1999). In 1989, only 29 of the 
more than 160 coal-fired electric power 
plants within this region used FGD 
units. By 1994, the number of FGD units 
had increased to 40. This trend toward 
increasing numbers of FGD units has 
continued to date, following implemen-
tation of the U.S. Clean Air Interstate 
Rule. The result has been an increased 
demand for high-purity limestone to 
remove gaseous sulfur oxides.
High-purity limestone resources (>95% 
CaCO
3
), now considered the most suit-
able for FGD applications, are not widely 
available throughout the state. They 
are mostly confined to rocks of the Mis-
sissippian and Devonian Systems and 
the Ordovician Kimmswick Limestone 
(Figure 1), which are at or close to the 
surface in the western and southern 
parts of the state, especially near the 
Mississippi and Ohio Rivers. Very little 
high-purity limestone is found in the 
northern part of the state, where dolo-
mite of the Ordovician and Silurian 
Systems predominates (Figure 2). Often, 
high-calcium limestone beds are inter-
layered with low-purity intervals. It is 
quite rare for high-calcium limestone to 
constitute the bulk of a rock formation. 
Therefore, selective mining is necessary 
to be able to extract the high-calcium 
limestone zones. A few quarries already 
do selective mining; others will be ame-
nable to such practices if demand arises.
Distribution of the High-Calcium 
Limestone Resources in Illinois
Rock units from which high-calcium 
limestone is currently produced or 
that have potential for future produc-
tion mainly include (1) the Ordovician 
Kimmswick Limestone; (2) the Lower 
and Middle Devonian Backbone, Grand 
Tower, and Wapsipinicon Limestones; 
and (3) the Middle Mississippian Bur- 
lington, Ullin, Salem, and Ste. Gen-
evieve Limestones, and the Upper Mis-
sissippian Glen Dean and Haney Lime-
stones (Figure 1).
The Ordovician Kimmswick is at or near 
the surface at Thebes, Illinois. Various 
companies that had been prospecting 
for high-calcium limestone had con-
ducted extensive studies in the area, 
which is in close proximity to the Mis-
sissippi River. In Calhoun County, the 
Kimmswick Limestone is exposed along 
the Mississippi River bluffs in Sections 
32 and 31, T 11 S, R 2 W (Rubey 1952; 
Devera 2010). Proximity to the Missis-
sippi River provides a relatively inexpen-
sive mode of transportation. About 75 ft 
(22.9 m) of Kimmswick is exposed here, 
with the upper 55 ft (16.8 m) being of 
the highest purity. The Kimmswick was 
also mined underground near Valmeyer, 
Illinois, before the mine closed in the 
early 1990s. The Kimmswick Limestone 
consists primarily of light gray, relatively 
coarse-grained, fossiliferous (crinoidal-
bryozoan), high-calcium limestone. The 
upper part of the Kimmswick (More- 
dock Member) is exceptionally pure in 
western Illinois, northeastern Missouri, 
and southern Illinois near Thebes. Cal-
cium carbonate content of the upper 
Kimmswick ranges between 94% and 
98% (Baxter 1970; this study), making 
this formation an excellent source of 
high-calcium limestone for various 
applications. Because of its high purity, 
the Kimmswick is an excellent source 
of limestone for FGD in coal-burning 
power plants. The Kimmswick is pres-
ently being mined near Cape Girardeau, 
Missouri, and Clarksville, Missouri. The 
Kimmswick at the Huntington Quarry, 
northeastern Missouri, contains a 55-ft 
(16.8-m) high-purity limestone interval 
in the upper part underlain by a 65-ft 
(19.8-m) interval that is less pure, with 
a high magnesium carbonate (MgCO
3
) 
content. The upper high-purity interval 
presently supplies the scrubber stone for 
the wet FGD system of a major coal-fired 
power plant in west-central Illinois.
In Jackson and Union Counties in 
extreme southern Illinois, the Lower 
Devonian Backbone Limestone is a 
relatively pure limestone (95 to 98 wt% 
CaCO
3
) up to 43 ft (13.1 m) thick (Lamar 
1959). The Backbone Limestone outcrops 
in the Shawnee National Forest, but the 
chance for mining at this location is 
minimal because of the thick overbur-
den and environmental considerations 
involved with surface mining. The 
Middle Devonian Grand Tower Lime-
stone crops out near Mountain Glen 
inside the Shawnee National Forest 
(Lamar 1959). It is a high-purity lime-
stone, up to 97.5 wt% CaCO
3
. At present, 
no quarry operation is extracting this 
limestone, and because of its location 
within the Shawnee, this limestone is 
not likely to be available in the near 
future. The Middle Devonian Wapsipini-
con Limestone (Grand Tower equivalent; 
Figure 1) is mined in Rock Island County 
and in a nearby underground mine (Lin-
wood Mine) across the Mississippi River 
east of Buffalo in Scott County, Iowa. 
The high-calcium limestone is mined 
selectively from the Otis Member of 
the Wapsipinicon Limestone. Available 
data indicate that the CaCO
3
 content of 
the Otis generally exceeds 94.5%. The 
Middle Devonian Lingle Limestone 
(St. Laurent Formation of Nelson et al. 
1995b) is also mined in central Illinois 
near Tuscola in Douglas County, north-
western Illinois, but its CaCO
3
 content 
rarely exceeds 95%.
An area rich in high-calcium limestone 
resources includes the St. Louis Metro 
East region in southwestern Illinois 
(Baxter 1960, 1965; Lasemi et al. 1999; 
Lasemi and Norby 2001; Denny 2004; 
Denny and Devera 2008; Denny et al. 
2009). The St. Louis Metro East region as 
defined in this study extends from Alton 
(Madison County, Illinois) to Prairie du 
Rocher (Randolph County, Illinois) and 
Ste. Genevieve (Ste. Genevieve County, 
Missouri). Mississippian limestones 
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Herrin Coal Mbr
Springfield Coal Mbr
Colchester Coal Mbr
Figure 1 Stratigraphic column for the Illinois Basin. Intervals shown in blue indicate rock formations that 
contain high-calcium limestone. From Lasemi et al. (2003).
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Figure 2 Statewide limestone and dolomite resource map showing active quarries and mines, and locations of the 
quarries or underground mines studied. Resource map compiled and modified from an unpublished map by J.E. 
Lamar, Illinois State Geological Survey.
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are the most widely exposed bedrock 
formations in the St. Louis Metro East 
region. In general, bedrock in the region 
dips toward the Illinois Basin to the 
east-southeast from the north (i.e., Alton 
area) and to the east-northeast from the 
south (i.e., Prairie du Rocher area). As 
a result, thick Mississippian limestone 
units (Valmeyeran and lower Chesterian 
strata) are progressively more deeply 
buried beneath the predominantly 
siliciclastic rocks of the upper Missis-
sippian and Pennsylvanian System. 
Substantial erosion during the Pennsyl-
vanian Period resulted in thinning or 
complete removal of Chesterian strata 
(Weller and Weller 1939), exposing the 
thick Mississippian limestone intervals 
in many areas, especially in the bluffs 
of the Mississippi River. Overburden, 
which includes the Quaternary deposits 
and upper Mississippian (Chesterian) 
and Pennsylvanian siliciclastics, thick-
ens to the east away from the bluffs to 
more than 200 ft (61 m) within 3 to 10 
miles (4.8 to 16.1 km). In areas of thick 
overburden, underground mining is 
economically more feasible than an 
open pit quarry operation, which would 
require the removal of a substantial 
amount of overburden material.
Figure 3 Example X-ray diffraction trace showing a high-purity limestone.
Chemical, Mineralogical, and 
Petrographic Characterization
To identify potential high-calcium 
limestone zones for future extraction, 
limestone units from selected quar-
ries were characterized chemically, 
mineralogically, and petrographically. 
The results showed that high-purity 
limestone zones could be clearly identi-
fied in active quarries by using miner-
alogical data (Figures 3–5). These data 
can be used as a guide for selecting the 
most suitable limestone for scrubber 
systems. This information also provides 
the quarry operators with a means for 
selectively extracting the high-purity 
limestone when needed. Two charts 
showing the distribution of XRD (min-
eralogical) and XRF (chemical) data are 
shown as examples in Figures 6 and 7. 
The data clearly allow for identification 
of zones that have the highest potential 
as a source of high-calcium limestone 
(Figure 8). Quick identification of high-
purity zones can be made by using bulk 
pack, semiquantitative XRD analysis 
methods (Figures 3–6). Once poten-
tial high-calcium limestone zones are 
identified, they can be further analyzed 
by chemical analysis techniques such 
as XRF spectroscopy or other methods 
to obtain a more accurate picture of 
the purity of the limestone (Figure 7). 
Because of the proprietary nature of the 
data, specific details regarding the ana-
lytical results are not included in this 
section but will appear in a subsequent 
publication.
Petrographic Analysis
Petrography refers to a description of the 
constituents and texture of a limestone 
made by viewing a translucent thin sec-
tion of the rock through a petrographic 
microscope. High-calcium limestones 
are quite variable with regard to grain 
composition and texture. Some lime-
stones are composed of a mixture of 
fossil fragments of various sizes and 
shapes, whereas others may consist of 
microcrystalline calcite with few or no 
visible fossil remains. Some limestones 
are made up of rounded grains called 
ooids that may show a radial or tan-
gential microstructure. Yet others may 
contain grains of variable roundness 
and shape that consist of very finely 
crystalline calcite. Some high-calcium 
limestones are soft, absorbent, and 
porous, whereas others are dense, with 
very little porosity. The wide variability 
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Figure 4 Example X-ray diffraction trace showing a more impure dolomitic limestone.
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Figure 7 Example of chemical data (based on X-ray fluorescence) obtained from a core from south-
eastern Missouri. The high-calcium limestone zones are clearly identified based on the high CaCO3 con-
tent (calculated from the percentage of CaO).
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Figure 8 Geologic column from a quarry in Union County, Illinois, showing well-developed oolite beds (in 
yellow) in the Ste. Genevieve Limestone. These oolitic beds are often very high purity and are an excellent 
source of high-calcium limestone for sulfur sorbent use.
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in composition and physical properties 
can also influence their reactivity with 
respect to sulfur capture regardless of 
their purity.
Thin-section petrography is an impor-
tant tool for characterizing limestone 
quality. This method provides valuable 
information regarding the suitability of 
various limestones for desulfurization 
and other industrial applications. In 
selecting limestone for these uses, the 
major emphasis is often placed on the 
purity of the rock (95% CaCO
3
 or better), 
and petrographic characteristics are 
generally ignored. Detailed thin-section 
petrography showed that high-calcium 
limestones can vary significantly in 
their petrographic characteristics and 
texture. These differences can affect cal-
cination behavior during CaO produc-
tion and can influence the effectiveness 
of the limestone in capturing SO
2
 in the 
flue-gas scrubber systems of coal-burn-
ing power plants as well as its suitability 
for other industrial applications (Harvey 
et al. 1974; Lasemi et al. 2011).
CONCLUSIONS
High-purity limestone resources (>95% 
CaCO
3
) in Illinois are mostly confined 
to rocks older than the Pennsylvanian 
System and are at or near the surface in 
the western and southern parts of the 
state, especially near the Mississippi and 
Ohio Rivers. Very little high-purity lime-
stone is found in the northern part of the 
state, where dolomite of the Ordovician 
and Silurian Systems predominates.
The Kimmswick Limestone, the lower 
member of the Burlington, the Harrods-
burg Member of the Ullin, and the upper 
Warsaw, Salem, and Ste. Genevieve are, 
for the most part, medium- to coarse-
grained bioclastic or oolitic limestones. 
In some cases, these coarser limestones 
are somewhat porous and soft. These 
factors make the limestones less suitable 
for some construction purposes. How-
ever, these coarser grained limestones 
are generally pure, with more than 95% 
CaCO
3 
content, making them an excel-
lent raw material for the manufacture of 
CaO, the capture of SO
2
 in coal-burning 
power plants, and the production of 
chemical-grade calcium carbonates.
Our work documents that not all high-
calcium limestones behave the same 
when used as sorbents for desulfur-
ization. Variations in grain size, the 
amount of sparry calcite cement and 
cement crystal size, the relative pro-
portion of microcrystalline matrix, the 
types of constituent grains, and the 
amounts of residual porosity all have 
significant influences on sulfur capture 
efficiency in FGD scrubbers.
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ABSTRACT
The Ohio Department of Natural 
Resources (ODNR), Division of Geologi-
cal Survey, has an ongoing program to 
create a new surficial geology map for a 
30 × 60-minute (1:100,000-scale) quad-
rangle each year. Through 2010, the 
ODNR–Division of Geological Survey 
has mapped 19 of the 34 complete or 
partial 30 × 60-minute quadrangles 
that cover Ohio. The geologic maps 
contain polygons of three-dimensional 
“stacks” that summarize the gross litho-
logic material followed by its thickness 
(divided by 10) for the entire stack of 
materials overlying the bedrock lithol-
ogy. A mapped polygon may contain 
a labeled stack such as T5|SG3|T2|Ls, 
which would indicate this sequence 
contains approximately 50 ft (15.2 m) 
of till, overlying 30 ft (9.1 m) of sand 
and gravel, which overlies 20 ft (6.1 m) 
of till, above limestone bedrock. The 
(stack) geologic maps are then imported 
into a geographic information system 
(GIS) geodatabase, which may be inte-
grated with mineral industry databases 
containing historical production data, 
geologic units mined, geochemistry, 
physical properties, and transportation 
networks to produce derivative maps. 
These derivative maps can then be used 
as a reconnaissance tool to help evalu-
ate the availability and suitability of 
industrial mineral resource locations 
throughout Ohio. Industrial minerals 
mined in Ohio in 2010 had an estimated 
value of more than US$864 million. 
The industrial mineral derivative maps 
produced by the ODNR–Division of Geo-
logical Survey are a very useful first step 
in assessing potential locations for new 
industrial mineral facilities to support 
the growing industrial mineral needs of 
the citizens of Ohio. 
INTRODUCTION
The combined value of all industrial 
minerals (limestone and dolomite, sand 
and gravel, sandstone and conglomer-
ate, clay and shale, salt, and peat) sold 
in Ohio in 2010 was more than US$864 
million, which represents an increase 
in value of 97% since 1990 (Weisgarber 
1991; Wolfe 2011). Industrial mineral 
production increased steadily from 
1990 until 2008, but the recession led 
to large declines in the production of 
most commodities; the lone exception 
is the continually increasing produc-
tion of salt since 1990 (+42%). Limestone 
and dolomite production has declined 
by 15.7% compared with 1990, and the 
production of other industrial miner-
als has decreased more significantly: 
sand and gravel by 36%, sandstone and 
conglomerate by 34.5%, and clay and 
shale by 70%. Peat is produced in minor 
amounts, and gypsum has not been 
produced in Ohio since 2002. Ohio is 
a national leader in industrial mineral 
production. In 2010, Ohio ranked fourth 
in the United States, producing 5.1 mil-
lion metric tons (Mt) of salt and ranking 
fifth in the production of lime (1.1 Mt), 
sixth in the production of crushed stone 
(49.2 Mt) and aggregates (74.6 Mt), and 
seventh in the production of clay and 
shale (0.8 Mt).
The Ohio Department of Natural 
Resources, Division of Geological 
Survey, also known as the Ohio Geologi-
cal Survey, has researched the geology 
of industrial mineral deposits, includ-
ing aggregates, for more than 170 years. 
Smith (1949) studied sand and gravel 
deposits on a regional basis in northern 
Ohio. County-scale sand and gravel 
resource studies were completed for 
nine counties in the 1980s (Hull 1980, 
1984; Risser 1981, 1985, 1986; Struble 
1986, 1987a,b,c). In the 1990s, Stith 
(1995a,b, 1996a,b) completed mapping 
for potential crushed-stone and sand-
and-gravel resources in the Bellefon-
taine and Piqua 30 × 60-minute quad-
rangles. 
The expanding production of indus-
trial minerals in Ohio is competing 
with many other land uses in a state 
with more than 11.5 million residents. 
Planning for sequential land use that 
includes development of industrial min-
eral resources in these growing areas is 
vital to the sustainability of urban and 
suburban centers. Three-dimensional 
surficial materials mapping is an indis-
pensable tool for informed land-use 
planning. The Ohio Geological Survey 
has mapped 19 of the 34 complete or 
partial 30 × 60-minute quadrangles that 
cover Ohio, including a large portion of 
glaciated Ohio (Figure 1). These maps 
were completed as part of the Ohio Geo-
logical Survey’s participation in the U.S. 
Geological Survey-funded STATEMAP 
project within the National Cooperative 
Geologic Mapping Program. The three-
dimensional, 30 × 60-minute surficial 
geology maps can be used not only for 
regional land-use planning, but also 
for preliminary evaluation of industrial 
mineral availability in Ohio (Wolfe 2001) 
and to create derivative maps that delin-
eate areas with the potential for addi-
tional crushed-stone or sand-and-gravel 
resources (Wolfe and Stith 2007; Wolfe et 
al. 2008; Pavey et al. 2011; Venteris et al. 
2011; Figure 1).
Glacial Geology
The glacial deposits of Ohio are repre-
sented by numerous glacial episodes. 
Early pre-Illinoian erratics have been 
found in isolated areas of the state. In 
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Complete, available as PDF download
Complete, not available
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In progress, not available
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STATEMAP and USEPA funded
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SG   Potential sand-and-gravel resources derivative map complete
MB   Potential mineable-bedrock derivative map complete
Figure 1 Map highlighting the 30 × 60-minute quadrangles in Ohio in which three-dimen-
sional surficial mapping has been completed or was in progress on September 26, 2011. 
Quadrangles in which potential sand-and-gravel or mineable-bedrock resources derivative 
maps have been produced are also depicted.
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a few places, highly weathered pre-
Illinoian (formerly Kansan-age) till may 
be present below younger deposits. In 
northeastern Ohio, discontinuous Illi-
noian tills that are coarse, sandy, and 
very low in carbonates are sometimes 
found beneath the extensive surficial 
deposits of Wisconsinan age (White 
1982). Other Illinoian-age deposits or 
landforms consist of lacustrine, out-
wash, moraines, or kame features along 
the glacial margin east, south, or south-
east of the predominantly Wisconsinan-
age deposits (Pavey et al. 1999). In much 
of northeastern Ohio, a large portion 
of the Wisconsinan-age sediments are 
ground or end moraines of primarily 
tills that consist of an unsorted mixture 
of clay, silt, sand, pebbles, cobbles, and 
boulders. In both the Mansfield and 
Canton 30 × 60-minute quadrangles, 
important aggregate resources are 
located in Wisconsinan-age sand and 
gravel deposits in the form of ice-contact 
deposits (kames, kame terraces, and 
eskers), valley trains, outwash plains, 
and terraces. Kames are water-laid 
deposits of sand and gravel (with minor 
amounts of silt and clay) that form in 
the crevasses near the leading edge 
and along the margins of a stagnant ice 
sheet. Kames are generally mound-like 
hills of low to moderate relief and are 
common in the northern portion of the 
state, particularly in southern Summit, 
northern Stark, and central Portage 
Counties. Kame terraces are accumu-
lations of stratified drift laid down by 
streams between a glacier and the side 
of a valley and left as a constructional 
terrace after disappearance of the 
glacier (Flint 1971, p. 209). Eskers are 
deposited in ice tunnels or by streams 
flowing at the base of the ice sheet. 
Eskers are present in Portage County 
and Medina County in at least 10 areas 
(Hull 1980; Risser 1981). Outwash plains 
consist of bed-load sand and gravel 
deposited from meltwater streams flow-
ing away from a glacier. Valley trains are 
long, narrow bodies of outwash closely 
resembling kame terraces but extending 
completely across a valley. Valley trains 
are deposited by meltwater and are typi-
cally proximal to the ice front. Kames, 
kame terraces, valley trains, eskers, and 
outwash plains or terraces are found 
in association and often grade into one 
another (Ford 1987).
Several other glacial features are com-
monly found in the glaciated portions of 
Ohio. Kettle holes, depressions left when 
remnant ice masses melted, can range 
in size from an acre to several square 
miles. Kettle holes are normally the sites 
of bogs, swamps, and lakes and may 
contain peat. Lacustrine or glacial lake 
deposits are found throughout Ohio and 
range from coarse sand to fine silts and 
clays. Silt of windblown origin (loess) 
and up to 3.3 ft (1 m) thick is present in 
many places in northeastern Ohio. Three 
major and five minor strandlines or 
beach ridges are present in the northern 
portion of the state. These ridges repre-
sent ancient beaches that formed when 
lake levels were as much as 197 ft (60 
m) higher than current levels because 
of damming to the north by the retreat-
ing Wisconsinan glacier (Forsyth 1959; 
Pavey et al. 1999).
Bedrock Geology
The bedrock geology of eastern Ohio 
consists of alternating series of rock con-
sisting of shale, siltstone, and sandstone 
with interbedded limestone, clay, and 
coal. The bedrock of western Ohio is pre-
dominantly dolomitic limestones with 
thin interbeds of silty shales. A thick 
organic shale and siltstone sequence 
overlain by siltstones and sandstones is 
transitional between the cyclical deposit 
of eastern Ohio and the carbonate-
dominated deposits of western Ohio. A 
structural feature, the Cincinnati Arch, 
trends generally north–south in west-
ern Ohio and had a major influence on 
deposition in the Paleozoic. The bedrock 
stratigraphic interval in the areas cov-
ered by the aggregate resource deriva-
tive maps includes the following (from 
youngest to oldest): Pennsylvanian-
age Allegheny and Pottsville Groups; 
Mississippian-age Logan and Cuyahoga 
Formations; Mississippian-age Sun-
bury and Bedford Shales; Devonian-age 
Berea Sandstone; Devonian-age Ohio, 
Olentangy, Silica, and Antrim Shales; 
Devonian-age Delaware and Columbus 
Limestones; Devonian-age Detroit River 
Group and Dundee Limestone; Silurian-
age Salina Group; and Silurian-age 
Tymochtee, Greenfield, and Lockport 
Dolomites (Shrake et al. 1998; Slucher et 
al. 2006).
DERIVATIVE THREE-
DIMENSIONAL SURFICIAL 
GEOLOGY MAPS
Four primary aspects are depicted on a 
surficial geology map: (1) major litholo-
gies; (2) thicknesses (in feet); (3) lateral 
extents; and (4) vertical sequences, 
shown by stack symbols. Each stack 
represents a generalized cross sec-
tion for that polygon. Thicknesses are 
reported in feet as a factor of 10 and are 
gross averages that can vary up to 50%, 
except (1) those followed by a minus 
sign (−), which represents the maxi-
mum thickness of a thinning trough- or 
wedge-shaped sediment body, or (2) 
units in parentheses, which indicate 
discontinuous distribution of those 
units. As an example, a mapped poly-
gon may contain a labeled stack such as 
T5|SG3|T2|Ls, which would indicate this 
sequence contains approximately 50 ft 
(15.2 m) of till overlying 30 ft (9.1 m) of 
sand and gravel that overlies 20 ft (6.1 m) 
of till above limestone bedrock (Figure 
2). The maps are color-coded using the 
uppermost surficial material. 
Data were obtained from county soil 
maps that were modified by interpre-
tation of local geomorphic settings 
and from other sources, such as Ohio 
Department of Natural Resources, 
Division of Water water-well logs, Ohio 
Department of Transportation test-
boring logs, theses, and published or 
unpublished geologic reports and maps. 
Total thicknesses were calculated from 
Ohio Geological Survey 7.5-minute, 
open-file bedrock topography maps. 
Bedrock units were determined from 
Ohio Geological Survey open-file bed-
rock geology maps. 
Map units of primary interest for indus-
trial mineral evaluation include the fol-
lowing: SG, Wisconsinan-age interbed-
ded sand and gravel commonly contain-
ing thin, discontinuous layers of silt and 
clay; IC, Wisconsinan-age ice-contact 
deposits composed of highly variable, 
poorly sorted sand and gravel deposited 
from stagnant ice as kame or esker land-
forms and commonly containing inclu-
sions of silt, clay, and till; and S, Wis-
consinan-age sand containing minor 
amounts of gravel, silt, or organics. The 
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majority of the sand-and-gravel produc-
tion in the Cleveland South, Mansfield, 
and Canton 30 × 60-minute quadrangles 
is from these units (Figure 2).
Bedrock map units of interest for the 
evaluation of industrial mineral poten-
tial, principally in areas of thin till 
delineated on the Shaded Drift-Thickness 
Map of Ohio (Powers and Swinford 
2004), are primarily economic-quality 
carbonate rock. The Marion and Findlay 
30 × 60-minute quadrangles contain 
Silurian-age and Devonian-age lime-
stone and dolomite units that supply 
aggregates or have other industrial 
uses. These rock units are, in ascending 
order, Lockport Dolomite; Greenfield 
Dolomite; Tymochtee Dolomite; Salina 
Group undifferentiated; and the Detroit 
River Group, Dundee Limestone, and 
Columbus Limestone.
A geographic information system (GIS) 
was used to query the database for areas 
of thin till over bedrock for potential 
crushed stone resources (Marion and 
Findlay Quadrangles) or areas with 
less than 40 ft (12.2 m) of overburden 
overlying thick sand and gravel deposits 
(Mansfield and Canton Quadrangles). 
The final derivative maps include bed-
rock geology and drift-thickness inset 
maps that show historic and active 
mining locations. The inset maps can 
be used in conjunction with the deriva-
tive map to delineate areas for more 
detailed resource evaluation. After 
initially identifying areas of interest, 
the three-dimensional derivative maps 
can be used to determine potential 
minable resources (Figure 3). Cross 
sections showing general deposits can 
be constructed and first-pass resource 
tonnages can be calculated. Land-use 
and zoning restrictions can be overlain 
on the derivative maps and analyzed. 
General transportation networks, mined 
areas, and possible markets are included 
on each derivative map and are factors 
in determining whether a more detailed 
evaluation is justified.
Sand and Gravel Resources
Kames and kame terraces are the most 
important sources of commercial sand 
and gravel deposits in the Cleveland 
South and Canton 30 × 60-minute 
quadrangles (Wolfe 2001; Pavey et al. 
2011). The largest kame complex in Ohio 
extends from northern Summit County 
through west-central Portage County 
into southern Geauga and central Stark 
Counties (White 1982; Pavey et al. 1999). 
This large kame complex is thought to 
have formed either when vast amounts 
of meltwater flowed in the interlobate 
area between the Killbuck sublobe and 
the Grand River sublobe or as an end-
moraine gravel phase, created solely by 
the action of the Grand River sublobe 
(Hull 1980).
Valley train and outwash plain deposits 
and associated terraces are important 
sources of sand and gravel in the Mans- 
field 30 × 60-minute quadrangle and 
are secondary sources of aggregate in 
the Canton and Cleveland South 30 × 
60-minute quadrangles (Pavey et al. 
2000, 2002, 2011; Venteris et al. 2008b). 
Alluvial terraces adjacent to these out-
wash deposits often contain commercial 
quantities of sand and gravel. Approxi-
mately 30 sand and gravel operations 
were active in glacial outwash and 
related deposits in the quadrangles cited 
above during 2010, providing several 
million tons of aggregate for local con-
struction and highway projects. Kame 
deposits or areas of outwash in buried 
valleys are potential future resources 
as existing reserves are exhausted or 
mining technology advances sufficiently 
to make these subsurface deposits eco-
nomically attractive.
The northern portion of the large kame 
complex associated with the Kent 
Moraine extends into southern Geauga 
County. This complex has up to 66 ft (20 
m) of sand and gravel with 0 to 197 ft (0 
to 60 m) of till overburden across large 
areas. Near Ohio Route 87, an area of 
sand and gravel 30 ft (9 m) thick may 
have potential as a sand and gravel 
resource. Also nearby are thick sand and 
gravel deposits [greater than 148 ft (45 
m)] under thick till or lake deposits [20 
to 263 ft (6 to 80 m)]. These would require 
significant exploration expenditures to 
accurately define the economic poten-
tial, but because of expanding suburban 
populations, they may be economically 
feasible in the future.
A major portion of the largest kame 
complex in Ohio extends from south-
western to north-central Portage County 
and contains more than 70% of the 
estimated resources of sand and gravel 
in the county. The ice-contact deposits 
(eskers and kames) of Portage County 
are estimated to contain a minimum 
of 4.1 billion metric tons (bt) of sand 
and gravel (Hull 1980). Outwash valley 
train, outwash plain, and associated 
alluvial deposits are also important, 
with an estimated 1.5 bt of sand and 
gravel. Northwestern Portage County 
and northeastern Summit County have 
experienced steady growth since 1990, 
adding thousands of new residents and 
generating increased demand for aggre-
gates.
More than 15 Mt of sand and gravel was 
produced in the Mansfield Quadrangle 
from 1997 to 2010. Fifteen sand and 
gravel operations were active in 2010, 
including four new operations since 
2002. Potentially thick sand and gravel 
accumulations are associated with gla-
cial outwash along major drainages or in 
highly variable ice-contact deposits that 
generally trend northwest–southeast in 
the northern portions of the map area 
(Totten 1973). Preliminary results indi-
cate that more than 3.5 bt of potential 
sand and gravel resources are located in 
the Mansfield Quadrangle (Wolfe et al. 
2008). Organic deposits associated with 
sand and gravel were included in the 
resource estimate because of the possi-
bility of recovering peat and aggregates 
in a single operation. 
Bedrock Resources
Areas of thin drift [less than 40 ft (12.2 
m) of till or other glacial deposits] in 
the Findlay and Marion 30 × 60-minute 
quadrangles have the greatest poten-
tial for the development of industrial 
minerals, primarily aggregates (Wolfe 
and Stith 2007; Venteris et al. 2008a, 
2011). The northwest portion of the 
Findlay Quadrangle contains areas of 
thin drift overlying the Devonian-age 
Detroit River Group, Silica Formation, 
and Dundee Limestone. Dolomite units 
in the Detroit River Group can be up 
to 100 ft (30.5 m) thick and are used as 
aggregates. The Dundee Limestone is 
generally a high-calcium limestone and 
is used to produce cement in Pauld-
ing County. The Silica Formation shale 
layers are also used in the cement 
170
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industry. The remainder of the Find-
lay Quadrangle and the entire Marion 
Quadrangle contain thin-drift areas 
underlain by Silurian and Devonian car-
bonates, Lockport Dolomite, Tymochtee 
Dolomite, Greenfield Dolomite, Salina 
Group, and the Columbus and Dela-
ware Limestones. The Delaware is nor-
mally mined in conjunction with the 
Columbus, with a combined thickness 
of 120 ft (36.6 m), but thins northward. 
The underlying Salina Group can be 
up to 300 ft (91.4 m) thick but contains 
intervals of shale and evaporites. The 
Tymochtee, Greenfield, and Lockport 
Dolomites may have a combined thick-
ness of more than 200 ft (61 m) and are 
generally very good aggregates.
The 2010 production of limestone and 
dolomite from quarries located in 
the Findlay and Marion Quadrangles 
exceeded 16 Mt, representing nearly 35% 
of the carbonates produced in the state. 
The majority of the limestone and dolo-
mite produced was used as aggregate; 
minor amounts were used as fluxstone, 
extenders and fillers, and agricultural 
limestone. Shale units were not mined 
in the Findlay and Marion Quadrangles 
in 2010 but may have potential in the 
cement, ceramic, or sanitary landfill 
industries. Additional detailed mapping 
may determine detrimental conditions, 
such as karst development; shale, chert, 
or evaporite interbeds; reefal structures; 
faulting; or their combination, that 
would affect the economic viability of 
the bedrock resource.
DISCUSSION
The industrial mineral derivative maps 
created by the Ohio Geological Survey 
can be used as a quick-look reconnais-
sance tool to help evaluate the avail-
ability of potentially mineable industrial 
mineral resources. Aggregates represent 
90% of the volume of asphalt, concrete, 
and road base needed for highway and 
building construction. Areas within the 
Marion, Findlay, Mansfield, and Canton 
30 × 60-minute quadrangles were delin-
eated to show potential future aggregate 
resources; in addition, areas with little 
to no potential for aggregate resources 
were delineated. Generalized cross sec-
tions can be constructed and rough esti-
mates of original resources can be cal-
culated. The derivative maps are digital 
GIS products that can easily be revised 
when additional information is added to 
the database. These maps are a general 
guide for exploration or zoning of poten-
tial crushed-stone and sand-and-gravel 
resources in the mapped quadrangles. 
A more detailed geologic and engineer-
ing investigation should be completed 
before decisions are made regarding the 
mining suitability of a specific site.
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ABSTRACT
Industrial minerals in Illinois were 
valued at $1.5 billion in 2014. A signifi-
cant portion of this value is attributed to 
increased production of industrial sand 
(silica sand) in recent years. Construc-
tion aggregates and related products, 
such as portland cement, account for 
more than 60% of the value of the indus-
trial minerals in Illinois. Although total 
construction aggregate production has 
declined from 115 million short tons 
prior to 2008 to around 85 million tons 
in recent years, a rebound appears to 
be occurring because of improvements 
in the economy and thus an increase in 
demand for these vital materials. Aggre-
gate is essential for continued economic 
growth in Illinois because of its direct 
link to the local and state transportation 
infrastructure; it adds value to the Illi-
nois economy many times the cost of the 
raw material. Despite the importance 
of aggregate resources to the local and 
state economies, they are rarely incor-
porated into land-use planning. As a 
result, in populated and rapidly develop-
ing areas, such as northeastern Illinois, 
aggregate resources are being overrun 
by residential and industrial expansion. 
To meet the demand for these materials 
in these areas, companies are purs-
ing underground mining, especially in 
existing but depleted stone quarries and 
sand and gravel pits.
INTRODUCTION
Industrial minerals continue to be one 
of the major mineral-resource com-
modities in Illinois, accounting for $1.5 
billion in value in 2014 (U.S. Geological 
Survey Mineral Commodity Summaries, 
2015; Figure 1). According to the U.S. 
Geological Survey Mineral Commod-
ity Summaries (2014b), Illinois ranked 
17th among the 50 states in total value 
of nonfuel mineral production in 2013, 
up from 21st in 2012. By value, indus-
trial sand (silica sand) was the leading 
industrial mineral in the state, account-
ing for about 41% ($506 million) of the 
total (Figure 2), followed by crushed 
stone at 37.5% ($458 million), construc-
tion sand and gravel at about 12% ($142 
million), portland cement at 7.5% ($91 
million), and lime, fuller’s earth, tripoli, 
and other nonfuel minerals (in decreas-
ing order) at 2% ($23 million; Figure 3). 
Illinois ranked sixth in 2013 among the 
50 states producing crushed stone and 
second in the production of industrial 
sand. With increasing awareness of 
green construction and sustainability 
issues, the construction industry is 
becoming more amenable to the appli-
cation of recycled asphalt and concrete. 
In 2013, Illinois was among the leading 
states in the use of recycled asphalt (Cal-
ifornia, Illinois, Pennsylvania, North 
Carolina, and Minnesota) and recycled 
portland cement concrete (California, 
Illinois, Texas, Michigan, and Virginia; 
Willett 2013). Although the total amount 
of recycled asphalt and portland cement 
concrete is presently only about 38.5 
million tons nationally (Willett 2013), 
this number is sure to increase in 
the future as the nation continues to 
embrace the importance of green con-
struction and sustainability.
The combination of crushed stone, con-
struction sand and gravel, and portland 
cement accounts for about 60% of the 
value of nonfuel industrial minerals in 
Illinois. At present, more than 60 mil-
lion tons of crushed stone and 23 million 
tons of sand and gravel are mined in Illi-
nois from more than 150 stone quarries, 
underground stone mines, and sand 
and gravel pits (Figure 4). Before 2008, 
this amount was significantly higher, at 
more than 80 million tons for crushed 
stone and 35 million tons for sand and 
gravel (Figure 5). The decline is attrib-
uted to the major economic downturn 
that began in 2008. However, with a 
rebound in the economy and the conse-
quent uptick in construction activities, 
the quantity of aggregates produced and 
consumed in the state has been slowly 
rising (Figure 5) as demand for these 
vital materials increases.
Limestone, dolomite, sand and gravel, 
and manufactured products, such as 
portland cement (made up of almost 
70% limestone), are essential for the 
development and health of the state 
transportation systems; they also con-
stitute a major component of the mate-
rial used to build our homes, schools, 
and many residential and industrial 
structures. More than 90% of asphalt 
pavement (blacktop) and more than 80% 
of concrete is aggregate (Tepordei 1997; 
National Stone, Sand & Gravel Associa-
tion, n.d.). Nearly 400 tons of aggregate is 
needed to construct an average modern 
home, and more than 38,000 tons is 
needed to build a mile of interstate 
highway (Langer and Glanzman 1993; 
National Stone, Sand & Gravel Associa-
tion, n.d.). Millions of tons of limestone 
are used every year in agriculture to 
neutralize the acids in soil. Limestone is 
also used in coal-burning power plants 
and medical and hazardous waste incin-
erators to reduce the emissions of toxic 
gases and other air pollutants, such as 
mercury (Lasemi and Butler 2015).
In addition to being a vital commodity 
for building and maintaining the state’s 
infrastructure, the production and use 
of industrial minerals has a signifi-
cant impact on the Illinois economy. 
A recently completed report (Bhagwat 
2016) indicated that construction aggre-
gates, although presently only around 
$600 million dollars in value, consti-
tute 4% of the state’s gross economic 
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Figure 3 Value of Illinois industrial minerals. The “other” category includes lime, clay, tripoli, peat, crushed sandstone, and 
gemstones. Data used courtesy of the U.S. Geological Survey.
product. The construction industry 
employs nearly 225,000 people and is 
heavily dependent on aggregates mined 
throughout the state. The transportation 
of aggregates from distant locations, 
although theoretically possible, is very 
expensive (Bhagwat 2000, 2015, 2016). As 
a result, construction aggregates need to 
be available locally to be economically 
feasible.
CONSTRUCTION 
AGGREGATE RESOURCES
The construction aggregate resources 
in Illinois occur in a wide variety of 
geological settings across the state, from 
various limestone and dolomite bedrock 
units of differing ages to sand and gravel 
deposits formed in diverse river, beach, 
and glacial settings. However, the state 
is challenged with the continuous loss 
of these valuable resources to urban 
development, especially in populated 
and rapidly developing areas such as 
northeastern Illinois, where these mate-
rials are needed the most. Construction 
aggregates have low unit values per ton, 
but large tonnages of the material are 
needed for most construction purposes.
Crushed Stone
Limestone and dolomite resources are 
primarily concentrated in the northern, 
western, and southern parts of Illinois 
(e.g., Krey and Lamar 1925; Lamar 1967; 
Goodwin and Baxter 1981; Goodwin 
1983), where these rocks are close to the 
ground surface in local areas (Lasemi et 
al. 2010; Lasemi and Butler 2015; Figure 
6). Although thick limestone and dolo-
mite deposits are present throughout 
most of the rest of the state, they are gen-
erally deeply buried in central and east-
ern Illinois. Dolomite, mined from the 
Silurian and Ordovician carbonates in 
northern Illinois, especially in the Chi-
cago area, accounts for most of the stone 
produced in the state. In the western 
and southern parts of the state, Missis-
sippian-age limestones are extracted for 
construction aggregate, cement manu-
facture, and other related purposes. 
Limited amounts of Pennsylvanian-age 
limestone occur in the central part of 
the state and are quarried where present 
near the surface.
In many parts of the state, especially in 
northeastern Illinois, urban expansion 
over prime stone resources prevents the 
opening of new quarries. Northeastern 
Illinois is one of the largest aggregate-
producing and aggregate-consuming 
regions in the country, accounting for 
more than 50% of the crushed stone and 
sand and gravel produced in the state 
(Mikulic 1995; Lasemi et al. 2010). His-
torically, in northeastern Illinois, stone 
resources from high-quality Silurian 
dolomites that occur at the bedrock 
surface throughout most of the area 
were obtained locally (Mikulic 1989). 
Ordovician-age rocks, which under-
lie the Silurian-age rocks throughout 
the region, are becoming an impor-
tant source of stone as the accessible 
Silurian-age dolomite reserves continue 
to be depleted. Uppermost Ordovician-
age (Maquoketa Group) rock consists 
primarily of shale up to 250 ft (76.2 m) 
thick, which presently has no commer-
cial value. Beneath the Maquoketa are 
high-quality dolomites and limestones 
of the Ordovician-age Galena and Plat-
teville Groups, which are up to 300 ft 
(91.4 m) thick in the area (Willman and 
Kolata 1978).
In partial response to the opposition to 
new stone quarries and sand and gravel 
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pits, companies continue to evaluate or 
pursue the development of underground 
mines, especially in northeastern Illi-
nois. Illinois is among the top five states 
(Kentucky, Missouri, Pennsylvania, Illi-
nois, and Iowa) producing crushed stone 
from underground mines (Willett 2013). 
Operation of the first underground mine 
in the 1970s generated considerable 
interest in Ordovician-age carbonates as 
a target for mining in the northeastern 
Illinois region. Since then, technological 
advances have enabled underground 
mining practices to become an econom-
ically feasible method to extract deposits 
(Baxter 1980; Mikulic 1990; Bhagwat et 
al. 2004). Subsequently, plans to mine 
Ordovician-age rocks underground in 
northeastern Illinois have accelerated 
over the last 10 years. Underground 
mining is not limited to northeastern 
Illinois. High-calcium limestone and 
crushed stone also are mined under-
ground in Quincy, Adams County in 
western Illinois, and Madison and Ran-
dolph Counties in southwestern Illinois 
(Figure 4).
Sand and Gravel and  
Industrial Sand Resources
Sand and gravel deposits are widely 
distributed throughout the state, but 
they are most abundant and of highest 
quality in northeastern Illinois (Masters 
1983). They are primarily extracted from 
glacial deposits in the central and north-
eastern parts of the state (Figure 4). Pro-
duction of sand and gravel, however, has 
not increased significantly since the late 
1960s (Figure 5). This is probably related 
to the better quality and larger reserves 
of crushed stone aggregate and the dif-
ficulty in securing permits for new sand 
and gravel operations as a direct result 
of legislation enacted after public oppo-
sition.
The production of industrial sand has 
increased dramatically in recent years 
(Figure 2) because of increased demand 
for hydraulic fracturing (frac) sand in 
the oil and gas industry nationally and 
worldwide. Because of connections 
to the oil and gas industry, frac sand 
production undoubtedly will fluctu-
ate with changes in oil and gas prices. 
In 2014, Illinois ranked second among 
states producing industrial sand. Major 
uses of industrial sand produced in the 
United States include use as frac sand 
(about 72%), well-packing and cement-
ing sand (13%), glassmaking sand (14%), 
and foundry sand (6%; Dolley 2013; U.S. 
Geological Survey 2014a). Production is 
concentrated in two northern counties, 
LaSalle and Ogle (Figure 7), where the 
Ordovician-age St. Peter Sandstone is 
mined (Lamar 1928; Keith and Kemmis 
2005).
AGGREGATE RESOURCES 
AND LAND-USE PLANNING
The increased demand for construction 
aggregates and other industrial miner-
als in the state has resulted in a growing 
need for up-to-date geologic informa-
tion, especially resource mapping, to 
ensure the continued availability of 
high-quality, low-cost construction 
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N
Figure 6 Generalized map showing areas in Illinois where limestone or dolomite more than 3 ft (0.9 
m) thick crops out in places. Modified from Lamar (1967).
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materials before they are overrun by 
urban development. A large number 
of bridges need repair or replacement, 
as does much of the interstate highway 
system, along with many state and sec-
ondary highways and roads (Lowder 
2013). The repair and maintenance of 
the highway system requires local avail-
ability of high-quality aggregate. With 
aggregate constituting approximately 
80% of concrete pavement and more 
than 90% of asphalt, high demand 
for durable aggregate will continue 
throughout the state for years to come. 
With the depletion of reserves in existing 
quarries and pits, urban developments 
on existing reserves, and opposition 
to opening new sites, the state will be 
faced with enormous challenges in the 
near future regarding how and where it 
can economically acquire the material 
needed for building and rehabilitation of 
the aging infrastructure.
To maintain access to minerals, con-
struction aggregates in particular, it is 
imperative that the location and quan-
tity of resources in the state be known. 
Land-use planning to ensure access to 
resources requires that industrial min-
erals in the state be adequately studied 
and mapped. The availability of aggre-
gate resources is rarely incorporated 
into planning programs at the state or 
county level. Government agencies and 
industry must work together to ensure 
that affordable aggregate resources 
are available for current needs and 
future generations. The experience of 
the McHenry County Board in north-
eastern Illinois in dealing with these 
issues illustrates the importance of such 
cooperation. The county has established 
advisory councils that meet regularly 
to discuss mining-related issues and 
increase dialogue among members of 
industry, government, and the public. 
Gravel mining is an important industry 
in McHenry County. The county con-
siders aggregate resources essential 
to its economy and has incorporated 
aggregate resource-potential maps in 
its zoning plans to ensure that these 
important resources are not lost through 
a lack of land assessment for commercial 
and residential development (McHenry 
County Board 2010). In the unincor-
porated areas of the county, the local 
government works to ensure that an 
economically important industry con-
tinues while balancing the environmen-
tal (particularly water), health (noise 
and dust), and infrastructure (road) 
concerns of the public. Through zoning 
ordinances and groundwater monitor-
ing ordinances, McHenry County is able 
to provide sensible and effective regula-
tions to address the concerns of all inter-
ested parties (Lasemi et al. 2014).
CONCLUSIONS
Information about mineral resources is 
essential for balanced growth and land-
use planning. Countywide, or larger 
scale, mineral-resource maps are vital 
and provide necessary geological infor-
mation in a simple, nontechnical format 
to the local, county, state, and other 
official planning agencies to help make 
informed decisions on land use and the 
preservation and protection of valuable 
resources. Crushed stone and sand and 
gravel account for up to 10% of the total 
cost of constructing roads and highways, 
with comparable amounts for other 
types of construction, such as schools, 
hospitals, shopping malls, housing sub-
divisions, and other civic and industrial 
facilities (Bhagwat 1991). Transportation 
costs nearly double the cost of extracted 
aggregates today, even though aggre-
gates are consumed within a 20- to 
30-mile (32- to 48-km) radius from the 
place of extraction (Bhagwat 2015). As 
the transportation distance increases in 
the future, transportation costs could 
easily amount to 200% or more of the 
cost of the aggregates themselves and 
contribute to significant increases in the 
cost of infrastructure projects. There-
fore, it is imperative that efforts be made 
to minimize cost escalation by carefully 
mapping available geologic resources 
and incorporating that knowledge into 
future land-use planning.
ACKNOWLEDGMENTS
This article benefited from discussions 
with Subhash Bhagwat and Donald 
Mikulic regarding the impact of aggre-
gate resources on the economy of Illinois 
and the geology of aggregate resources 
in the state, especially in northeastern 
Illinois. The author is indebted to Brett 
Denny, Shane Butler, and Subhash 
Bhagwat for helpful reviews.
REFERENCES
Baxter, J.W., 1980, Limestone factors 
favoring expanded underground 
mining of limestone in Illinois: 
Mining Engineering, v. 32, no. 10, p. 
1497–1504.
Bhagwat, S.B., 1991, Economics of 
industrial rocks and minerals in 
construction—Two case studies in 
road construction, in A.L. Bush and 
T.S. Hayes, eds., Industrial minerals 
of the Midcontinent—Proceedings of 
the Midcontinent Industrial Miner-
als Workshop: Denver Colorado, U.S. 
Geological Survey, Bulletin 2111, 126 p.
Bhagwat, S.B., 2000, Industrial min-
erals in Illinois: A key to growth: 
Champaign, Illinois State Geological 
Survey, information flyer, 4 p.
Bhagwat, S.B., 2015, Cost of transporta-
tion of construction aggregates in 
Illinois in 2014, in Z. Lasemi, ed., 
Proceedings of the 47th Forum on 
the Geology of Industrial Minerals: 
Champaign, Illinois State Geological 
Survey, Circular 587, p. 105–109.
Bhagwat, S.B., 2016, Construction aggre-
gates and silica sand in the economy 
of Illinois: Champaign, Illinois State 
Geological Survey, Special Report 5, 
20 p.
Bhagwat, S.B., Z. Lasemi, and M. Dunn, 
2004, Economic feasibility of under-
ground mining of stone in the St. 
Louis Metro East region of Illinois, in 
C.M. Seeger, ed., Proceedings of the 
38th Forum on the Geology of Indus-
trial Minerals, St. Louis, Missouri, 
April 28–May 3, 2002: Rolla, Missouri 
Geological Survey, Report of Investi-
gations 74, p. 47–53.
Dolley, T.P., 2013, Silica, in C.M. Seeger, 
ed., 2013 minerals yearbook: Wash-
ington, DC, U.S. Geological Survey, p. 
66.1–66.15, http://minerals.usgs.gov/
minerals/pubs/commodity/silica/
myb1-2013-silic.pdf (accessed June 1, 
2016).
Goodwin, J.H., 1983, Geology of carbon-
ate aggregate resources of Illinois: 
Champaign, Illinois State Geological 
Survey, Illinois Mineral Notes 87, 12 p.
Illinois State Geological Survey Circular 587 181
Goodwin, J.H., and J.W. Baxter, 1981, 
High-calcium, high-reflectance lime-
stone resources of Illinois: Geological 
Society of America Bulletin, v. 92, no. 
9, p. 621–628.
Illinois Oil & Gas Association, 2014, 
History of crude oil prices 2014: Mt. 
Vernon, Illinois Oil & Gas Associa-
tion, http://www.ioga.com/history-
of-crude-oil-prices (accessed June 1, 
2016).
Keith, S.K., and T.J. Kemmis, 2005, The 
White Cliffs of Ottawa: The St. Peter 
Sandstone and North America’s 
largest silica production facility: 
Champaign, Illinois State Geological 
Survey, Open File Series 2005-8, 35 p.
Krey, F., and J.E. Lamar, 1925, Limestone 
resources of Illinois: Champaign, Illi-
nois State Geological Survey, Bulletin 
46, 392 p.
Lamar, J.E., 1928, Geology and economic 
resources of the St. Peter Sandstone 
of Illinois: Champaign, Illinois State 
Geological Survey, Bulletin 53, 175 p.
Lamar, J. E., 1967, Handbook on lime-
stone and dolomite for Illinois quarry 
operators: Champaign, Illinois State 
Geological Survey, Bulletin 91, 119 p.
Langer, W.H., and V.M. Glanzman, 1993, 
Natural aggregate: Building Amer-
ica’s future: Reston, Virginia, U.S. 
Geological Survey, Circular 1110, 39 p.
Lasemi, Z., and S.K. Butler, 2015, Over-
view of high-calcium limestone 
resources in Illinois for flue-gas 
desulfurization systems, in Z. Lasemi, 
ed., Proceedings of the 47th Forum on 
the Geology of Industrial Minerals: 
Champaign, Illinois State Geological 
Survey, Circular 587, p. 153–164.
Lasemi, Z., J. Henriksen, M. Hansel, and 
M. Krumenacher, 2014, Planning for 
sustainable aggregate production in 
Illinois, USA: 18th Extractive Industry 
Geology Conference, Abstracts with 
Program, St. Andrews, Scotland, p. 
31–32.
Lasemi, Z., D.G. Mikulic, R.E. Hughes, 
T.J. Kemmis, S.B. Bhagwat, and K.S. 
Keith, 2010, Industrial minerals, in 
D.R. Kolata, and C.K. Nimz, eds., 
Geology of Illinois: Champaign, 
Illinois State Geological Survey, p. 
309–322.
Lowder, J., 2013, Assessment of Illi-
nois’ transportation needs: Report 
prepared for the Transportation for 
Illinois Coalition, 16 p., http://www.
tficillinois.org/the-need/ (accessed 
June 1, 2016).
Masters, J.M., 1983, Geology of sand and 
gravel aggregate resources of Illinois: 
Champaign, Illinois State Geological 
Survey, Illinois Mineral Notes 88, 10 p.
McHenry County Board, 2010, McHenry 
County, Illinois, 2030 comprehen-
sive plan: McHenry County Board, 
https://www.co.mchenry.il.us/home/
showdocument?id=7843 (accessed 
June 1, 2016).
Mikulic, D.G., 1989, Chicago’s stone 
industry: A historical perspective, 
in R.E. Hughes and J.C. Bradbury, 
eds., Proceedings of the 23rd Forum 
on the Geology of Industrial Miner-
als: Champaign, Illinois Geological 
Survey, Illinois Mineral Notes 102, p. 
83–89.
Mikulic, D.G., 1990, Cross section of 
the Paleozoic rocks of northeastern 
Illinois: Implications for subsurface 
aggregate mining: Champaign, Illi-
nois State Geological Survey, Illinois 
Minerals 106, 14 p.
Mikulic, D.G., 1995, Uncertain future 
for Chicago aggregate industry: Rock 
Products, v. 98, no. 8, p. 21–23, 46.
National Stone, Sand & Gravel Associa-
tion, n.d., 50 fascinating facts about 
stone, sand & gravel: Fundamental 
resources for more than 5000 years: 
Arlington, Virginia, National Stone, 
Sand and Gravel Association, 6 p.
Tepordei, V.V., 1997, Natural aggregates 
Foundation of America’s future: 
Reston, Virginia, U.S. Geological 
Survey, Fact Sheet FS144-97, 4 p.
U.S. Energy Information Adminis-
tration, 2013, Annual coal report: 
Washington, DC, U.S. Department 
of Energy, http://www.eia.gov/coal/
annual/ (accessed June 1, 2016).
U.S. Geological Survey, 2014a, Crushed 
stone and sand and gravel in the 
fourth quarter 2014, in Mineral indus-
try surveys: Reston, Virginia, U.S. 
Geological Survey, http://minerals.
usgs.gov/minerals/pubs/commodity/
stone_crushed/mis-2014q4-stonc.pdf 
(accessed June 1, 2016).
U.S. Geological Survey, 2014b, Mineral 
commodity summaries 2014: Reston, 
Virginia, U.S. Geological Survey, 
http://minerals.usgs.gov/miner-
als/pubs/mcs/2014/mcs2014.pdf 
(accessed June 1, 2016).
U.S. Geological Survey, 2015, Mineral 
commodity summaries 2015: Reston, 
Virginia, U.S. Geological Survey, 
http://minerals.usgs.gov/miner 
als/pubs/mcs/2015/mcs2015.pdf 
(accessed June 1, 2016).
Willett, J.C., 2013, Stone, crushed, in 2013 
minerals yearbook: Reston, Virginia, 
U.S. Geological Survey, p. 71.1–71.24, 
http://minerals.usgs.gov/minerals/
pubs/commodity/stone_crushed/
myb1-2013-stonc.pdf (accessed June 
1, 2016).
Willman, H.B., and D.R. Kolata, 1978, 
The Platteville and Galena Groups in 
northern Illinois: Champaign, Illinois 
State Geological Survey, Circular 502, 
75 p.
